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ABSTRACT 

Context. Open clusters are ideal test particles for studying the chemical evolution of the Galactic disc. However, the number and 

accuracy of existing high-resolution abundance determinations, not only of [Fe/H], but also of other key elements, remains largely 

insufficient. 

Aims. We attempt to increase the number of Galactic open clusters that have high quality abundance determinations, and to gather all 

the literature determinations published so far. 

Methods. Using high-resolution (R~30000), high-quality (S/N>60 per pixel), we obtained spectra for twelve stars in four open 

clusters with the fibre spectrograph FOCES, at the 2.2 Calar Alto Telescope in Spain. We employ a classical equivalent-width analysis 

to obtain accurate abundances of sixteen elements: Al, Ba, Ca, Co, Cr, Fe, La, Mg, Na, Nd, Ni, Sc, Si, Ti, V, and Y. We derived oxygen 

abundances derived by means of spectral synthesis of the 6300 A forbidden line. 

Results. We provide the first determination of abundance ratios other than Fe for NGC 752 giants, and ratios in agreement with the 

literature for the Hyades, Praesepe, and Be 32. We use a compilation of literature data to study Galactic trends of [Fe/H] and [a/Fe] 

with Galactocentric radius, age, and height above the Galactic plane. We find no significant trends, but some indication for a flattening 

of [Fe/H] at large R gc , and for younger ages in the inner disc. We also detect a possible decrease in [Fe/H] with |z| in the outer disc, 

and a weak increase in [a/Fe] with R gc . 
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1. Introduction 

Open clusters (hereafter OC) are ideal test particles for study- 
ing the evolution of metallicity with time, inferring the so-called 
age-metallicity relation, and with Galactocentric radius, the 
metallicity gradient, measuring in the Galactic disc. Their prop- 
erties can be determined with smaller uncertainties than for field 
stars, since they are coeval group of stars at the same distance 
that have a homogeneous che mical compositio n. Unfortunately, 
of the ^1700 known OC (e.g. lDias et altl2002l) . only ^140 pos- 
sess some metallicity determination, mostly obtained from pho- 
tometric indicators, such as Washington or Stro mgren photom- 
etry (see iTwarog et all Il997t IChen et all I2003L and references 
therein) and low-resol ution spectroscopy (e.g. iFriel & Janesl 
ll993HFrielet~al"ll2002l) . 

The most accurate way to determine the chemical abun- 
dances is to analyse high-resolution spectroscopy. It allows us 
to investigate not only metallicity, but also abundance ratios - 
with respect to iron or hydrogen - of other chemical species 
such as (T-elements, ^-process elements, and r-process elements, 
which are synthesised in different environments and on differ- 



ent timescales (e.g. SNe la, SNe II, giants, supergiants, etc). In 
the past few years, a number of research groups have addressed 
the challenge of increasing the number of OC with chemi- 
cal a bundances de t ermined from high-re s olution spectroscopy 



(e.g 
2006 



Sestit o et all 120 04: D'Oraz ietalL 
Bragaglia et all l2008t iPace et al 



2009; Friel et a 



2006; Sestito et al. 



2008; D'Orazietal 



2010HPaceetal.Ll20ldlPancinoetal.Ll2010a: 



Jacobson et al.ll201 lal) . However, the number of OC with chemi- 



cal abundances determined with this technique is still small (see 
Section |5), and significant uncertainties remain in the determi- 
nations of both the metallicity gradient and the age-metallicity 
relation, which are the fundamental ingredients of chemical evo- 
lution models. 

In th is paper, the second of a series initiated bv lPancino et al.l 
(1201 OaL hereafter Paper I), we present high quality and homo- 
geneous measurements of chemical abundances for red clump 
stars in four OC: Be 32, NGC 752, Hyades, and Praesepe. The 
Hyades is the nea rest OC and its four known red giants ha v e been 
widely studied dSchuler et all 120091: iMishenina et all 12007 : 



Fulbri 



rfitetall 120071; ISchukret all 120061: IMishenina eTd 



20061: Bovarchuk et all EoOCi iLuck & Challenen. 1 19951) . hence 



* Based on observations collected with the fiber spectrograph FOCES 
at the 2.2m Calar Alto Telescope. Also based on data from 2MASS 
survey and the WEBDA, VALD, NIST, and GEISA online database. 



it provides a very good reference frame to compare our abun- 
dances with the literature. Both NGC 752 and Praesepe have 
been well-studied, but all information about their chemical 
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Table 1. Observing logs and programme star properties. 



Cluster 



Star 



»2000 

(hrs) 



#2000 

(deg) 



B V R F 

(mag) (mag) (mag) (mag) 



(mag) 



tTOT 

exp 

(sec) 



S/N" 



Be 32' J 


0456 


06:58:08.2 


+06:24:19.6 


14.76 


13.67 


— 


12.53 


11.03 


7 


18900 


60 




1948 


06:58:04.2 


+06:27:17.1 


14.50 


13.37 


— 


12.20 


10.68 


6 


16200 


70 


NGC 752 c 


001 


01:55:12.6 


+37:50:14.6 


10.47 


9.51 


— 


— 


7.23 


4 


2400 


160 




208 


01:57:37.6 


+37:39:38.1 


10.04 


8.97 


— 


— 


6.41 


4 


2400 


180 




213 


01:57:38.9 


+37:46:12.5 


10.08 


9.07 


— 


— 


6.68 


3 


1800 


80 




311 


01:58:52.9 


+37:48:57.3 


10.11 


9.07 


— 


— 


6.64 


4 


2400 


100 


Hyades^ 


028 (y tau) 


04:19:47.6 


+ 15:37:39.5 


4.64 


3.65 


2.92 


2.45 


1.52 


2 


120 


560 


(Mel 25) 


041 (6 tau) 


04:22:56.1 


+ 17:32:33.0 


4.75 


3.76 


3.03 


2.56 


1.64 


3 


180 


450 




070 (e tau) 


04:28:37.0 


+ 19:10:49.5 


4.55 


3.54 


2.81 


2.31 


1.42 


3 


180 


270 


Praesepe^ 


212 


08:39:50.7 


+ 19:32:27.0 


7.53 


6.58 


5.87 


5.38 


4.39 


4 


240 


165 


(NGC 2632) 


253 


08:40:06.4 


+20:00:28.1 


7.35 


6.38 


5.67 


5.20 


4.20 


4 


240 


215 


(M44) 


283 


08:40:22.1 


+ 19:40:11.9 


7.42 


6.41 


5.68 


5.21 


4.18 


2 


120 


150 



" All I magnitudes are in the Johnson system (I/) with the exception of those of the Be 32 stars which are in the Cousins system (Ic). 

b Star names from lRichtler & Sagar (2001); Coordinates, B, V & Ic magnitudes from lD'Orazi et aUd2006l) : K s magnitudes from2MASS. 

c Star names from iHeinemannl d!926T) : Coordinates from lH0g et al.1 d2000l) ; B & V magnitudes from lJennens & H eifer ( 1975); K s mag- 
nitudes from 2MASS. 

d Star names from lvan Buerenl dl952l) : Coordinates from lPerrvman et al] d!997l) ; B, V, R & 1/ magnitudes from lJohnson et all d!966l) : K s 
magnitudes from 2MASS. 

e Star names from Klein Wassink ( 19 271); Coordinat es from iPerrvman et al] dl997h ; B, V & R magnitudes from IColemanl d!982l) ; 1/ 
magnitudes from Mendoza ( 1967); Johnson et al. ( 1966), K s magnitudes from 2MASS. 



composit ion is based mainly on their main-sequenc e stars 
(e.g. lPaceetal.1 120081: lAnetall 120071: fS estito et~afl l2004t 
iBurkhart & CouprvL 119981: iHobbs & Thorburnl 119921) . To our 
knowledge, there have been no recent measurements of the 
chemical abundance of their giants from high-resolution spec- 
troscopy. Finally, Be 32 has been the subject of some studies 
(e.g. IR ichtler & Sagar, 2001: iFriel et all 120 10; Brag aglia et all 
120081: uTOrazi et alll2006l) . The properties and previous studies 
of each cluster is described in more depth in Section [4] 

This paper is structured as follows: observations and data 
reduction are described in Section [21 equivalent- width measure- 
ments are presented in Section |3] together with the abundance 
analysis and its uncertainties; results are compared with the lit- 
erature in Sections lUE] and[6j and finally our main conclusions 
are summarised in Section |7] 



2. Observational material 

A total of twelve stars spread in the four OC were ob- 
served. They wer e selected from the WEBDAQ database 
dMermilhodl] 19951). a nd the 2MASS0 survey (ICutri et all 120031; 
Skru tskie et all 120061) . Table [TJ summarizes the identifications, 
coordinates, and magnitudes of each targe t star. Their po s ition i n 
the color - magni tu de diagram taken from iD'Orazi et al] (120061). 
IJohnsonl (Il953l) . iJohnson & Knucklesl (1 19551) . and IJohnsonl 
d 19521) for Berkeley 32, NGC 752, Hyades, and Preasepe, re- 
spectively, are shown in Figure [TJ 

Observations were carried out w ith the fibre echelle spectro- 
graph FOCES (Pf eifferetailll998l) attached at the 2.2 m Calar 
Alto Telescope (Almeria, Spain) between the 1 and 3 of January 
2005. The chosen set-up provides a spectral resolution (R=A/5A) 



1 http://www.univie.ac.at/webda 

2 http://www.ipac.caltech.edu/2mass 2MASS (Two Micron 
All Sky Survey) is a joint project of the University of Massachusetts 
and the Infrared Processing and Analysis Center/California Institute 
of Technology, funded by the National Aeronautics and Space 
Administration and the National Science Foundation. 



of about 30 000. In summary, all stars were observed in 2-7 ex- 
posures lasting 10-30 min each, depending on their magnitudes, 
until a global signal-to-noise ratio (S/N) of at least 60 per pixel 
was reached around 6000 A. Exposures with S/N<20 were ne- 
glected because they were too noisy. Finally, sky exposures as 
long as our longest exposures (30 min) were taken, but the lev- 
els were sufficiently low for us to avoid sky subtraction (as in 
Paper I). The number of useful exposures, the total integration 
time, and the global S/N for each star are listed in the last three 
columns of TableQ] 

2.1. Data reduction 

Various steps of data reduction were performed exactly as in 
Paper I. Briefly, the frames were de-trended with the IRAFj 
tasks ccdproc and apflatten. The spectra were then extracted, 
wavelength-calibrated, normalized, and the echelle orders were 
merged using tasks in the IRAF echelle package. Finally, the 
noisy ends of each combined spectrum were cut, allowing for an 
effective wavelength coverage from 5000 to 9000 A. 

Before combining all exposures of each star, we removed 
sky absorption features (telluric bands of O2 and H2O) with the 
help of the IRAF task telluric. The same two hot, rapidly rotating 
stars, HR 3982 and HR 8762, of Paper I were used. The strong 
O2 band around 7600 A had been saturated and therefore could 
not be properly removed. This spectral region was not used for 
the abundance analysis, in addition to the small gaps between 
echelle orders that appeared after A ^8400 A. 

2.2. Radial velocities 



We used DAOSPEC dStetson & Pancinol I2008I) to measure the 
observed radial velocities for each individual exposure with 



3 Image Reduction and Analysis Facility, IRAF is distributed by the 
National Optical Astronomy Observatories, which are operated by the 
Association of Universities for Research in Astronomy, Inc., under co- 
operative agreement with the National Science Foundation. 
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Table 2. Heliocentric radial velocity measurements and lcr er- 
rors (V r + 5V r )h e re for each programme star. Literature measure- 
ments are also reported with their uncertainties (V,. ± 5V r )u,. 







20 



(B-V) 



Fig. 1. Location of target stars (large black dots with star ID la- 
bels) in the color-magnitude diagrams of their respective parent 
clusters (small grey dots). 



S/N>20, using ^ 300 absorption lines of different elements, 
with typical uncertainties of about 0.1 km s (see Paper I for 
details). We used the same linelist as the one used for abun- 
dance determinations (see Section [3] for details). Heliocentric 
corrections were obtained with the IRAF task rvcorrect, with 
a negligible uncertainty of smaller than 0.005 km s . We also 
used DAOSPEC to determine the absolute zero-point of the ra- 
dial velocity determinations, using a list of telluric absorption 
lines as the input lineli s t, obt a ined f rom the GEISA database 
dJacquinet-Husson et all 1999, 2005). The resulting zero-point 
corrections, based on ^250 telluric lines, are generally no larger 
than ±1 km s -1 , with a typical error of about ^0.5 km s -1 . 

The final values, computed as the weighted mean of helio- 
centric velocities resulting from each exposure of the same star, 
are listed in Table [2] Our determinations are generally in close 
agreement with literature values to within 3cr, except for star 
208 in NGC 752, which has a slightly smaller44 radial veloc- 



Cluster 



Star 



(V r + 6V r ) heK 

(kms- 1 ) 



(K ± 0-V r )„, 

(kms^ 1 ) 



Be 32° 


0456 


105.59±0.54 


110.0+1.2 




1948 


104.78±0.35 


105.5+4.9 


NGC 752* 


001 


5.49±0.44 


4.79±0.15 




208 r 


1.10±0.23 


4.86+0.06 




213 


5.11±0.42 


5.50+0.10 




311 


6.00±0.30 


5.28+0.08 


Hyades^ 


028 


38.15±0.43 


39.28+0.12 




041 


38.56±0.36 


39.65+0.08 




070 


38.26±0.35 


39.37+0.07 


Praesepe^ (NGC 2632) 


212 


35.96±0.36 


34.81+0.21 




253 


34.39±0.27 


33.67+0.22 




283 


34.67±0.39 


34.35+0.20 



" lD'OrazietaL|j2006h. 

b iMermilliod eFaD il998h . 

c Spectroscopic binary according to lPourbaix et al.1 d2004h . 
d iGriffin et all (TT98^> 
e lFamaevetaL|j2005h . 



ity than other objects in this cluster. The fact that this star was 
recognised as a spectros copic binary (see iPourbaix et all l2004t 
IMermilliod et all 120071) expl ains the disagreement. A ccording 
to its radial velocity curve (IMermilliod et all 120071) . we ob- 
served this binary near minimum, which implies that we ob- 
served only one of the components of the system. For this rea- 
son, and because derived abundances are in good agreement with 
those of other stars in the same cluster, we retained this object 
in our final sample. In summary, we considered all the observed 
targets as likely members of their respective clusters. 



2.3. Photometric parameters 

First guesses of the atmospheric parameters effective tempera- 
ture (r e ff), logarithmic gravity (logg), and microturbulent ve- 
locity (v ( ), for our target stars were derived from a photometric 
data listed in Table [TJ as describe d in Pa per I. In brief, T e ff were 
obtain ed using the lAlonso et al.1 (1 19991) and iMontegriffo et al.l 
(1 19981) colour-temperature relations, both theoretical and empir- 
ical, and the dereddened colours (B-V)o, (V-Iy)o, (V-R)o, and (V- 
K,s)o. We assumed the E(B-V) v a lues l isted in Tableland the 
reddening laws of ICardelli et al.l (Il989l) . In the case of Be 32, 
we have lc magnit udes instead of I j o nes, so we dereddened (V- 
Ic) with the law of iDean et al.l (1 19781). and conv erted it into (V- 
Iy)o with the transformations bv lBesseli (1 19791) . The lcr errors 
in each T e $ estimate were computed using the magnitude and 
reddening uncertainties together with the standard deviation in 
the colour-temperature relationships used. The photometric T e g 
estimates, listed in Table |4] are the weighted mean of the dif- 
ferent values obtained from each considered colour and colour- 
temperature relations. 

Photometric gravity estimates were derived from the above 
r e ff and the bolom etric corrections, BCy, derived using the 
lAlonso et al.l (1 19991) prescriptions and the fundamental relation- 
ships 



g M R e 

log — = log h 2 log — , 
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Table 3. Adopted cluster parameters. When more than one de- 
termination exists, the average is shown with 1 cr errors. 



Cluster 


E(B-V) 


(m-M) 


Age 




(mag) 


(mag) 


(Gyr) 


Be 32° 


0.15±0.05 


12.62±0.18 


4.8+1.5 


NGC 752* 


0.038±0.002 


8.04±0.23 


1.59±0.45 


Hyades 


<0.001 r 


3.34±0.01 f/ 


0.70±0.07' 


Praesepe 


0.027±0.004 c 


6.22±0.02 / 


0.65^+0.25 



Averages of meas ur ements by iKalu zny & Ma zun d 19911 
Ibutra&Bicai d2000l), iRichfler & Sa" 



i 



ICarraro & Chiosil 
TadrossL 



(120011). iTadrossI 12001ft lLataetalJ d2002ft ISalaris et all d2004l) . 
iD'Orazi et al.1 d2006ft . and lTosi et alj d2007l) . 



* Aver a ges of measurements b y Johnson] d!95 
John soril Jl96l). iRohlfs & Vanvsekl 71962ft 
dl963h.(Craw ford & B arnesl dl970l).lPatenaudel dl97 
Nicoled dl981l), iTwarod dl983l), iBarrv et al.1 J1987I 
Mazzei & Pigattol dl988f). lEggerJ d 19891). iFrancicP 



Roman (1955), 

dl962l) Egged 

lHardvl i M 9 m 

iNissenl dl 988). 

^ (1989), Boesgaard 

1991[) , lDzervitis & Paupers! (l993l),ICarraro et aljil993l).lMevnet et alj 



J1993I). iDaniel et alj I dl99l). Ipiatti et alj dl995l). iDinescu et al.1 
Milone et alj dl995hnClaria et all d!996ft. iDutra & Bical i 200C ) 



all d2004l) iBartasiute et "alj d2007l) . iTavlod d2007 ) 
etalJd2008l) 



d2001l). iBlakd d2002l). Blake & Rucinskil f 2004ft 

and 



1995) 



Loktin & Besheno 
Salaris_et 
Giardino 
'' Derived bv lTavlon d2006h from a review of published values 
d Averages of measurements o btained f rom the Hippa rc os par - 
allaxes by IPinsonneault et al] d!998l). iPerrvman et al.1 d 1998ft 



Narayanan & Gouldj 
3) 



d 1 9991) , ILoktin & Beshenovl d2001l) . 
Percival et al.1 d2003l 

Av erages of measurem e nts by lEggenl ( 19981). ILoktin & Beshenoy 



20011), [Salaris et al] d2004l) . Uameson et al 



2008) 



d2008f) . and iBouvier et aT 



Averages of measu r ement s obtained from th e Hipp ar cos parallaxes 



by IPinsonneault et al.1 d!998l). IP errvma n et al.1 d 998ft . JvanLeeuweii 
19991) , ILoktin! d2000ft . ILoktin & Beshenovl d2001h ~and lPercival et al 



s Aver ages of measurements o btained f rom t h e Hipparcos paral- 
laxes b y Ivan den Heuvell (l969), M aedeJ dl971 ). Mathieu & Mazeh 
dl988h,lMazzei & Pigattcj <Tl 988), Bo esgaard dl989ft,lTsvetkovl l(1993), 
PiattietalJ d!995h, IClariaetalJ dl996l). lHernandez et al.1 fl 998). 
Loktin & Beshenovl (120011), ISalaris et a l. l2004), lKraus & Hillenbrand 
d2007l) , and lGaspar et al.1 d2009l) 



0.4(M bo , - M bo i, ) 



-4 log- +2 log— , 

1 eif ,0 K 



where red clump masses, listed i n the last column of Tab le |4] 
were extrapolated from Table 1 of Gir ardi & Sala ris (200 1J). We 
assumed that logg Q = 4.437, r eff , = 5770 K and M bo i, = 4.75 , 
in conformity with the IAU recommendations (I AndersenL 1 1 9991) . 
As above, we averaged all our estimates to obtain logg^' 10 ^, 
listed in column 5 of Table |4] 

As discussed in Paper I, the photometric estimate of the mi- 
croturb ulent velocity, v t , was obt ained using the prescriptions 
both of iRamfrez & Cohenl d2003l). v, = 4.08 - 5.01 10~ 4 T eS , 
and of lCarrettaet al.1 (120041) . v, = 1.5 - 0.13 logg. The l atter ve- 
locity, which takes into account the effect described by iMapainl 
d!984lPl is on average low er by Av, = 0.50±0.03 km s ~' than the 
IRamfrez & Cohenl (120031) estimate. Therefore, we chose not to 
average the two estimates, but to use them as an indication of the 
v, range to explore in our abundance analysis (see Section l3~2l i. 



4 However, s ee the discussio n by iMucciarellil d201ll) about the pros 
and cons of the iMagainl d 19841) correction, which depends heavily on 
data quality and line selection effects. 
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Fig . 2. Comparison of o ur EW measurements with those 
bv iBragaglia et al] (120081) for star 0456 in Be 32, and by 
iBovarchuk et al.1 d2000h for three Hyades giants. Dotted lines 
mark perfect agreement (zero difference), while dashed lines are 
linear fits to the data. 



3. Equivalent widths and abundance analysis 

We used the same linelist as that described in Paper I. In brief, 
all lines and their atomic da ta were extracted from the VALD 
database dKupka et al.L [l999). with a few exceptions (see Paper I 
for details). Briefly, for some highly d iscrepant Mg lines, we 
used the NIST loggf values; we used the lJohansson et all d2003l) 
\oggf for the Ni line that contaminates the [O I] line at 6300 A, 
and provides oxygen abundances more in li ne with the other 
q-elem ents; we used the Nd logg/ values bv iDen Hartog et all 
d2003l) . which minimize the spread in the Nd abundance. Finally, 
we tried both the VALD and the NIST values for Ca, finding an 
average difference of 0.17 dex (see paper I). There is no spe- 
cial reason for choosing NIST over VALD (or vice-versa), so we 
kept the VALD values to help maintain some homogeneity, but 
we note that the Ca \oggf values carry a large uncertainty of the 
order of 0.2 dex. 



3.1. Equivalent widths with DAOSPEC 

The task DAOSPEC (IStetson & Pancinol I2008I) was used to 
automatically find and measure equivalent widths (hereafter 
EW), by performing a Gaussian fitting of the identified lines. 
DAOSPEC provides a formal e rror in the Gaussian fit, 6 EW, 
and a quality parameter, Q (see IStetson & Pancinol I2008I and 
Paper I, for more details). The relative error 6EW/EW and the 
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Table 4. Stellar atmosphere parameters for the programme stars (see text). 



Cluster 


Star 




rylspec) 

1 eff 


log g { P , "" ) 


log g< >P*> 


iphol) 


l spec} 


wlclwnp 






(K) 


(K) 


(cgs) 


(cgs) 


(kms- 1 ) 


(km s- 1 ) 


(M G ) 


Be 32 


0456 


4759±92 


4650 


2.61±0.14 


2.1 


1.70+0.30/1.16+0.10 


1.4 


1.2+0.1 




1948 


4706±99 


4700 


2.47±0.14 


2.3 


1.72+0.30/1.18+0.10 


1.5 


1.2+0.1 


NGC 752 


001 


4949±80 


5050 


3.02±0.14 


3.1 


1.60+0.30/1.11+0.10 


1.3 


1.9+0.2 




208 


4698±110 


4600 


2.73+0.14 


2.9 


1.73+0.31/1.15+0.10 


1.2 


1.9+0.2 




213 


4841±86 


4900 


2.81±0.14 


3.0 


1.65+0.30/1.13+0.10 


1.4 


1.9+0.2 




311 


4793±74 


4800 


2.80±0.14 


3.2 


1.68+0.30/1.14+0.10 


1.2 


1.9+0.2 


Hyades 


028 


4865±73 


4750 


2.67+0.04 


2.7 


1.64+0.30/1.15+0.15 


1.4 


2.5+0.1 




041 


4871±79 


4800 


2.71+0.05 


2.8 


1.64+0.30/1.15+0.15 


1.4 


2.5+0.1 




070 


4858±95 


4800 


2.62+0.05 


2.8 


1.65+0.30/1.16+0.15 


1.6 


2.5+0.1 


Praesepe 


212 


4901±35 


4900 


2.70+0.07 


2.8 


1.62+0.30/1.15+0.14 


1.5 


2.6+0.3 




253 


4869±23 


4900 


2.60+0.07 


2.8 


1.64+0.30/1.16+0.14 


1.6 


2.6+0.3 




283 


4841 ±29 


4800 


2.61+0.07 


2.9 


1.65+0.30/1.16+0.14 


1.4 


2.6+0.3 



Table 5. Equivalent widths and atomic data of the programme stars. The complete version of the table is available at the CDS. Here 
we show a few lines to illustrate its contents. 











Be 32- 


-Star 0456 


i 


Be 


32-Star 1948 


Praesepe-Star 283 


A 


Elem 


Xcx 


logg/ 


EW 


SEW 


Q 


EW 


SEW 


Q 


EW 


SEW 


Q 


(A) 




(eV) 


(dex) 


(mA) 


(mA) 




(mA) 


(mA) 




. (mA) 


(mA) 




6696.79 


AL1 


4.02 


-1.42 


16.5 


1.9 


0.361 


25.3 


3.9 


0.481 .. 


30.0 


5.0 


0.585 


6698.67 


AL1 


3.14 


-1.65 


47.8 


2.7 


0.432 


43.4 


2.6 


0.501 .. 


. 59.2 


1.8 


0.321 


7361.57 


AL1 


4.02 


-0.90 


33.8 


3.9 


0.633 


33.2 


6.5 


0.946 . 


. 52.1 


2.1 


0.173 


7362.30 


AL1 


4.02 


-0.75 


48.6 


4.3 


0.346 


39.7 


2.9 


0.737 .. 


. 72.0 


6.9 


0.797 


7835.31 


AL1 


4.02 


-0.65 


53.7 


3.7 


0.393 


48.4 


3.9 


0.611 . 


. 95.8 


9.8 


1.399 


7836.13 


AL1 


4.02 


-0.49 


66.0 


7.8 


1.279 


68.4 


5.1 


0.783 .. 


94.0 


6.0 


0.665 


8772.86 


AL1 


4.02 


-0.32 














. 102.7 


8.7 


0.748 


8773.90 


AL1 


4.02 


-0.16 


115.0 


8.6 


1.151 


111.9 


8.3 


1.111 .. 








5853.67 


BA2 


0.60 


-1.00 


119.7 


3.9 


1.098 


102.0 


2.6 


0.343 .. 


. 122.1 


3.4 


0.676 



quality parameter Q can be used to distinguish good and bad 
lines, and they were indeed used to select the highest quality 
lines for the abundance analysis, as described in detail in Paper I. 
The measured EW for our program stars are shown in the elec- 
tronic version of Table along with the 8EW and Q parameter 
estimated by DAOSPEC. 

Four of our target stars have published EW measure- 
ments from high-resolution spectra. These consist of three 
stars (namely, 28, 041, and 070) observed in the Hyades by 
IBovarchuk etaTI d2000t) with R ~ 450 00, and star 0456 in 
Be 32 studied bv lBragagliaet al.l (120081) with R ~ 40000. We 
have a total of 100, 92, and 51 lines in common for stars 028, 
041, and 070 in the Hyades, respectively, and 51 lines for star 
0456 in Be 32. Figure [2] compares the comparison between the 
EW determined with DAOSPEC with the v alues p ublished by 
iBragagliaetai] d2008l) and IBovarchuk et all d2000l) . The differ- 
ences (see Figure |2]i are negligible within the uncertainties; we 
find a small offset of 5 .6 mA in the case of star 04 1 in the Hyades, 
which is however still within 1 <x. We can therefore consider our 
measurements in good agreement with similar studies. 



3.2. Abundance analysis 

Abundance calculations and spectral synthesis (for oxygen) 
were performed using the latest versio n of the abun dance cal- 
culation code originally described by ISpitd (1 19671). We used 
the MA RCS model atmospheres developed bv lEdvardsson et alj 
(119931) . We also used of ABOMAN, a tool developed by E. 
Rossetti at the INAF, Bologna Observatory, Italy, which allows 
the semi-automatic processing of data for several objects, us- 
ing the aforementioned abundance calculation code. The tool 



ABOMAN performs all the steps needed to choose the best-fit 
model automatically (see below) and compute abundance ratios 
for all elements, and provides all the graphical tools required to 
analyse the results. 

The detailed procedure followed to derive the chemical 
abundances is described in depth in Paper I. In brief, we cal- 
culated Fe I and Fe II abundances for a set of models with pa- 
rameters extending ±3cr around the photometric estimates of 
Table |U We chose the model that satisfied simultaneously the 
following conditions: (i) the abundance of Fe I lines should not 
vary with excitation potential Xex'< (U) the abundance of Fe I lines 
should not vary significantly with EW, i.e., strong and weak lines 
should infer the same abundancqj (Hi) the abundance of Fe I 
lines should not differ significantly from the abundance of Fe II 
lines; and (iv) the abundance of Fe I lines should not vary signif- 
icantly with wavelength. 

Once the best-fit model has been found, abundance ratios of 
all the measured elements were determined, as shown in Table|6] 
as the average of abundances given by single lines. The inter- 
nal (random) errors were then computed as <r/ VT n /m«s)- Oxygen 
abundances were determined by means of spectral synthesis of 
the region around the [O I] forbidden line at 6300 A. In this case, 
the internal uncertainty was estimated using the average abun- 
dance difference between the best-fit spectrum and two spectra 
placed approximately lcr (of the Poissonian noise) above and 
below it. Average cluster abundances (Tables |7]i were computed 
as weighted averages of abundance ratios of single stars. 



5 We decided not to use the lMagair] J1984I) effect, because we prefer 
to have internally consistent abun dances from each lin e, and because of 
the additional effects described bv lMucciarellil d201 lh . 
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Table 6. Abundance ratios for single cluster stars, with their internal and external (last column) uncertainties. 





Berkeley 32 




NGC 752 




External 


Ratio 


Star 456 


Star 1948 


Star 001 


Star 208 


Star 213 


Star 311 


Uncertainty 


[Fel/H] 


-0.33±0.02 


-0.27±0.02 


+0.07+0.01 


+0.07+0.01 


+0.04+0.01 


+0.14+0.01 


±0.03 


[Fell/H] 


-0.30+ 0.06 


-0.29±0.06 


+0.02+0.03 


+0.06+0.03 


+0.05+0.04 


+0.18+0.12 


±0.03 


[a/Fe] 


-0.29±0.21 


-0.25±0.09 


+0.07+0.04 


+0.05+0.12 


+0.07+0.12 


+0.14+0.09 


±0.07 


[Al/Fe] 


+0.15±0.06 


+0.08+0.07 


-0.11+0.04 


-0.12+0.03 


-0.06+0.06 


-0.21+0.06 


±0.05 


[Ba/Fe] 


+0.52±0.05 


+0.35+0.17 


+0.55+0.04 


+0.52+0.04 


+0.51+0.01 


+0.57+0.06 


±0.04 


[Ca/Fe] 


-0.06±0.08 


-0.05+0.04 


-0.02+0.03 


-0.12+0.02 


-0.09+0.03 


-0.17+0.05 


±0.06 


[Co/Fe] 


+0.02±0.05 


+0.09+0.04 


-0.03+0.03 


+0.06+0.04 


+0.00+0.03 


+0.05+0.05 


±0.04 


[Cr/Fe] 


-0.25+0.07 


+0.04+0.07 


+0.02+0.03 


+0.00+0.03 


-0.01+0.03 


-0.01+0.04 


±0.05 


[La/Fe] 


-0.14+0.02 


-0.04+0.08 


+0.14+0.06 


+0.18+0.03 


+0.18+0.09 


+0.32+0.13 


±0.04 


[Mg/Fe] 


+0.38+0.12 


+0.24+0.16 


+0.13+0.06 


+0.16+0.05 


+0.20+0.04 


+0.06+0.03 


±0.09 


[Na/Fe] 


-0.14+0.08 


-0.08+0.10 


+0.05+0.01 


-0.07+0.02 


-0.03+0.05 


-0.10+0.05 


±0.04 


[Nd/Fe] 


-0.05+0.13 


+0.04+0.03 


+0.29+0.14 


+0.27+0.23 


+0.34+0.11 


+0.46+0.18 


±0.13 


[Ni/Fe] 


-0.04+0.03 


-0.01+0.03 


-0.04+0.02 


+0.00+0.02 


-0.02+0.02 


+0.03+0.03 


±0.02 


[O/Fe] 


-0.16+0.13 


+0.15+0.11 


+0.15+0.06 


-0.06+0.05 


+0.02+0.08 


+0.00+0.06 


±0.08 


[Sc/Fe] 


+0.02+0.05 


-0.02+0.05 


-0.02+0.05 


+0.04+0.06 


+0.05+0.06 


+0.09+0.08 


±0.05 


[Si/Fe] 


+0.18+0.04 


+0.11+0.04 


-0.03+0.03 


+0.04+0.03 


+0.04+0.03 


+0.01+0.04 


±0.04 


[Til/Fe] 


-0.10+0.05 


-0.04+0.05 


+0.00+0.02 


-0.03 ±0.02 


-0.08+0.02 


-0.13+0.03 


±0.03 


[Till/Fe] 


-0.17+0.05 


+0.01+0.07 


+0.03+0.02 


+0.08+0.07 


+0.07+0.06 


+0.15+0.13 


±0.03 


[V/Fe] 


-0.14+0.10 


-0.07+0.05 


+0.00+0.02 


+0.16+0.05 


-0.04+0.03 


+0.05+0.06 


±0.06 


[Y/Fe] 


-0.41+N.A. 


-0.09+N.A. 


-0.12+0.06 


-0.03+0.10 


+0.03+0.07 


+0.05+0.09 


±0.04 






Hyades (Mel 25) 




Praesepe (NGC 2632) 




Ratio 


Star 28 


Star 41 


Star 70 


Star 212 


Star 253 


Star 283 




[Fel/H] 


+0.12+0.01 


+0.10+0.01 


+0.11+0.01 


+0.11+0.01 


+0.18+0.01 


+0.21+0.01 


±0.03 


[Fell/H] 


+0.13+0.03 


+0.13+0.03 


+0.09+0.03 


+0.10+0.03 


+0.16+0.03 


+0.23+0.04 


±0.03 


[a/Fe] 


+0.13+0.15 


+0.11+0.12 


+0.09+0.11 


+0.11+0.15 


+0.18+0.14 


+0.19+0.13 


±0.07 


[Al/Fe] 


-0.01+0.05 


+0.00+0.05 


+0.02+0.05 


+0.01+0.04 


+0.02+0.06 


-0.04+0.05 


±0.05 


[Ba/Fe] 


+0.37+0.05 


+0.39+0.05 


+0.31+0.05 


+0.30+0.08 


+0.27+0.06 


+0.37+0.05 


±0.04 


[Ca/Fe] 


-0.07+0.03 


-0.06+0.03 


-0.07+0.02 


-0.07+0.02 


-0.08+0.03 


-0.11+0.03 


±0.06 


[Co/Fe] 


+0.00+0.04 


+0.01+0.03 


+0.06+0.03 


+0.05+0.03 


+0.01+0.03 


+0.05+0.05 


±0.04 


[Cr/Fe] 


+0.02+0.03 


+0.03+0.03 


+0.08+0.04 


+0.06+0.03 


+0.04+0.04 


+0.04+0.04 


±0.05 


[La/Fe] 


-0.12+0.06 


-0.08+0.05 


-0.05+0.05 


-0.07+0.05 


-0.04+0.05 


-0.04+0.04 


±0.04 


[Mg/Fe] 


+0.13+0.05 


+0.06+0.04 


+0.21+0.07 


+0.31+0.06 


+0.27+0.05 


+0.22+0.06 


±0.09 


[Na/Fe] 


+0.19+0.02 


+0.18+0.02 


+0.18+0.02 


+0.23+0.02 


+0.30+0.03 


+0.18+0.05 


±0.04 


[Nd/Fe] 


+0.04 ±0.29 


+0.08+0.30 


+0.08+0.28 


+0.00+0.21 


+0.05+0.25 


+0.10+0.31 


±0.13 


[Ni/Fe] 


+0.02 ±0.02 


+0.04+0.02 


+0.03+0.02 


+0.01+0.02 


+0.01+0.02 


+0.04+0.03 


±0.02 


[O/Fe] 


-0.35+0.07 


-0.25+0.05 


-0.22+ 0.07 


-0.11+0.09 


-0.14+0.07 


-0.09+0.06 


±0.08 


[Sc/Fe] 


-0.04 ±0.05 


+0.00+0.05 


-0.02+0.06 


-0.10+0.06 


+-0.03+0.05 


+0.00+0.06 


±0.05 


[Si/Fe] 


+0.09 ±0.03 


+0.09+0.02 


+0.10+0.03 


+0.06+0.03 


+0.07+0.03 


+0.04+0.03 


±0.04 


[Til/Fe] 


-0.12 ±0.02 


-0.11+0.02 


-0.06+0.02 


-0.05+0.03 


-0.08+0.02 


-0.09+0.02 


±0.03 


[Till/Fe] 


-0.03 ±0.06 


+0.00+0.07 


-0.02+0.11 


-0.05+0.10 


-0.02+0.08 


+0.05+0.08 


±0.03 


[V/Fe] 


+0.02 ±0.04 


+0.00+0.03 


+0.09+0.03 


+0.06+0.04 


+0.04+0.03 


+0.10+0.04 


±0.06 


[Y/Fe] 


-0.12 ±0.05 


-0.06+0.06 


-0.07+0.05 


-0.11+0.10 


-0.12+0.07 


-0.11+0.09 


±0.04 



Comparison of our results with available literature is dis- 
cussed in details in Section|4] 



3.3. Abundance uncertainties and the Sun 

The internal (random) uncertainty described above includes un- 
certainties related to the measurement of EW and to the atomic 
parameters (dominated by \oggf determinations). We must con- 
sider other sources of uncertainty (see Paper I for details) such 
as: the uncertainty owing to the choice of atmospheric parame- 
ters; the uncertainty owing to the continuum normalization pro- 
cedure; the uncertainty in the reference solar abundance values. 

Uncertainties due to the choice of stellar parameters w ere 
evaluated with the method proposed by ICavrel et al.l d2004l) . In 
brief, we altered the predominant atmospheric parameter, i.e., by 
altering one atmospheric parameter, T e ff, within its uncertainty 
(~100 K) and re-optimizing the other parameters for the hottest 
and coolest stars in our sample. We re-calculated abundances 
with the procedure described in the previous Section. The exter- 



nal uncertainties, listed in the last column of Table |6l are esti- 
mated by averaging errors calculated with the higher and lower 
temperatures for the warmest and coolest stars in our sample 
(namely, stars 001 and 208 in NGC 752). 

Uncertainties due to the continuum normalization procedure 
might also affect the obtained EW and, therefore, the derived 
abundances. Their contribution is estimated by averaging the dif- 
ferences between the EW obtained with the "best-fit" continuum 
and those derived by lowering and raising the continuum level 
by the contin uum placement uncertainty . This is calculated from 
Equation 7 of lStetson & Pancinol (12008). The typical uncertainty 
caused by the continuum placement is AEW ~1 mA and almost 
independent of the EW. This small uncertainty has a negligi- 
ble impact on the derived abundances in comparison with other 
sources of uncertainty described above. Therefore, they have not 
been explicitly included in the error budget. 

To validate the whole procedure used here, in Paper I we 
performed an abundance analysis of the ESO HARPS solar spec- 
trum reflected by Ganymede. We used the same line list, model 
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Table 7. Average cluster abundances, obtained as the weighted average of the single stars abundances in each of them. 



Ratio 



[Al/Fe] 

[Ba/Fe] 

[Ca/Fe] 

[Co/Fe] 

[Cr/Fe] 

[La/Fe] 

[Mg/Fe] 

[Na/Fe] 

[Nd/Fe] 

[Ni/Fe] 

[O/Fe] 

[Sc/Fe] 

[Si/Fe] 

[Ti/Fe] 

[V/Fe] 

[Y/Fe] 



Be 32 



NGC 752 



Hyades 



Praesepe (M 44) 



[Fe/H] -0.30±0.02(±0.03) +0.08±0.04(±0.03) +0.11±0.01(±0.03) +0.16±0.05(±0.03) 
[a/Fe] -0.04±0.14(±0.07) +0.02±0.06(±0.07) +0.00±0.12(±0.07) +0.00+0. 14(±0.07) 



+0.12+0 
+0.51+0 
-0.05+0. 
+0.07+0 
-0.11+0. 
-0.14+0. 
+0.33+0 
-0.12+0. 
+0.03+0. 
-0.03+0. 
+0.00+0. 
+0.00+0 
+0.14+0 
-0.08+0. 
-0.08+0. 
-0.23+0. 



05(±0.05) 
12(±0.04) 
01(±0.06) 
05(±0.04) 
21(±0.05) 
07(±0.04) 
10(±0.09) 
04(±0.04) 
06(±0.13) 
02(±0.02) 
16(±0.08) 
03(±0.05) 
05(±0.04) 
07(±0.03) 
05(±0.06) 
23(±0.04) 



-0.12+0. 
+0.52+0 
-0.09+0. 
+0.01+0 
+0.00+0. 
+0.18+0 
+0.12+0 
+0.01+0 
+0.34+0 
-0.01+0. 
+0.03+0 
+0.03+0 
+0.02+0 
-0.03+0. 
+0.01+0 
-0.03+0. 



06(±0.05) 
03(±0.04) 
06(±0.06) 
04(±0.04) 
01(±0.05) 
08(±0.04) 
06(±0.09) 
07(±0.04) 
09(±0.13) 
03(±0.02) 
04(±0.08) 
05(±0.05) 
03(±0.04) 
06(±0.03) 
09(±0.06) 
08(±0.04) 



+0.00+0 
+0.36+0 
-0.07+0. 
+0.03+0. 
+0.04+0 
-0.08+0. 
+0.10+0 
+0.18+0 
+0.07+0 
+0.03+0 
-0.27+0. 
-0.02+0. 
+0.09+0. 
-0.09+0. 
+0.04+0. 
-0.09+0. 



02(±0.05) 
04(±0.04) 
01(±0.06) 
03(±0.04) 
03(±0.05) 
04(±0.04) 
08(±0.09) 
01 (±0.04) 
02(±0.13) 
01(±0.02) 
04(±0.08) 
02(±0.05) 
01(±0.04) 
04(±0.03) 
05(±0.06) 
03(±0.04) 



+0.00+0 
+0.33+0, 
-0.08+0. 
+0.04+0. 
+0.05+0. 
-0.05+0. 
+0.27+0 
+0.25+0 
+0.04+0 
+0.02+0 
-0.11+0. 
-0.04+0. 
+0.06+0 
-0.07+0. 
+0.06+0 
-0.11+0. 



03(±0.05) 
05(±0.04) 
02(±0.06) 
02(±0.04) 
01(±0.05) 
02(±0.04) 
05(±0.09) 
06(±0.04) 
05(±0.13) 
02(±0.02) 
03(±0.08) 
05(±0.05) 
02(±0.04) 
03(±0.07) 
03(±0.06) 
01(±0.04) 



Table 8. High-resolution average Be 32 abundances. 



Here 



F10 fl 



B08" 



R=A/SA 

S/N 



30000 
50-100 



28000 
100 



40000 
45-100 



[Fe/H] 


-0.30+0.02 


-0.30+0.02 


-0.29+0.04 


[Al/Fe] 


+0.12+0.05 


+0.19+0.06 


+0.11+0.10 


[Ba/Fe] 


+0.51+0.12 


— 


+0.29+0.10 


[Ca/Fe] 


-0.05+0.01 


-0.07+0.01 


+0.07+0.04 


[Co/Fe] 


+0.07+0.05 


+0.00+0.01 


— 


[Cr/Fe] 


-0.11+0.21 


-0.16+0.11 


-0.05+0.04 


[La/Fe] 


-0.14+0.07 


— 


— 


[Mg/Fe] 


+0.33+0.10 


+0.13+0.01 


+0.27+0.08 


[Na/Fe] 


-0.12+0.04 


+0.20+0.01 


+0.13+0.02 


[Ni/Fe] 


-0.03+0.02 


-0.02+0.01 


+0.00+0.04 


[O/Fe] 


+0.00+0.16 


-0.01+0.03 


— 


[Sc/Fe] 


+0.00+0.03 


— 


— 


[Si/Fe] 


+0.14+0.05 


+0.27+0.05 


+0.12+0.04 


[Ti/Fe] 


-0.08+0.07 


-0.17+0.01 


+0.11+0.06 


[V/Fe] 


-0.08+0.05 


— 


— 


[Y/Fe] 


-0.23+0.23 


— 


— 



" lFrieletalJd2010l),from 2 stars. 

* iBragaelia etaP fc008h and lSestito etal] J2006I) . from 10 red clump 
and RGB stars. 



atmospheres, and abundance calculation code that we used on 
our OC target stars, and found solar values for all elements, with 
the only marginal exceptions of barium and aluminium (see also 
Section |5J- While the details of this analysis can be found in 
Paper I, we mention here that our reference solar abundances are 
taken from lGrevesse et a l. ( 1996). 



4. Cluster-by-cluster discussion 

4.1. Berkeley 32 

Berkeley 32 (a 2 ooo = 06 A 58 m 07' 5 and 6 2 ooo = +06°25'43") is 
a distant OC (R ?c =11.6 kpc) located towards the Galactic an- 
ticentre and situated 260 pc above the disc plane. Its distance 
makes it one of the crucial clusters for a correct determination 
of the metallicity gradient along the Galactic disc, and there- 
fore one of the key OC to the understanding of disc forma- 
tion and evolution. The color-magnitude diagram of this cluster 



(e.g. lD'Orazi et aUl2006l) . contaminated by disc stars, shows a 
clear main sequence turn-off with a sparsely populated red giant 
branch. Determinations of its age, mainly using morpho l ogica l 
indicators, y i eld a value of ^5 Gyr (e.g. D'Orazi et all 2006; 



1994; Kaluzny & Mazur, 1991). 



Salaris et all 12004 iRichtler & SagaA 1200 U ICarraro & Chiosi . 



Given its large distance, it has not been well-studied spec- 
troscopically, but we coul d compare our results with two recent 
high-r esolution studies of lBragaglia et alJ (120081) and lFriel et al.l 
d2010h . We found a very close agreement of our abundance ratios 
with those studies (see Table[8]l. The exceptions are Ba and Na. 
It is well-known that Ba abundances are enhanced by HFS (e.g. 
iD'Orazi et all !2 009) effects that should explain the differences 
fromlBragagli a et al.l ( 2008b. The rNa/Fel rati o is lower than the 
values reported bv lBragaglia et all (l2008h and lFriel etaf] (1201 Oh 
by -0.25 and -0.32 dex, respectively. The difficulty in measuring 
Na lines, which suffer from NLTE effects, could easily explain 
this controversy. Moreover, different model atmospheres, stellar 
and atomic parameters, etc., between different studies may also 
play a role (and remove this discrepancy). 



4.2. NGC 752 

NGC 752 (a 2 ooo = 01 /, 57'"41 ! , <5 2 ooo = +37°47'06") is an old 
(~1.6 Gyr) OC located in the solar neighbourhood at a distance 
of ^400 pc. This cluster has a low central concentration and con- 
tains a relativ ely small numb er of members. Its color-magnitude 
diagram (e.g. iJohnsonl 1 1 9531) has a still poorly understood mor- 
phology. The turn-off area is well-populated by early F-type 
stars, while the low main-sequence appears to be sparsely popu- 
lated (Figure [TJ. This, together with the age of this cluster, may 
be an indication of the dynamic escape of low mass stars. Stellar 
evolution models also predict a well-populated red giant branch, 
which is not observe d. All the known red g iants are located in 
the red clump region (iBartasiute et all 120071) . which has a pecu- 
liar morphology because it has a faint extension slightly to the 
blue of its main concent ration, which canno t be reproduced by 
stellar evolution models dGirardi et alll2000r) . 

Photometr y and low/medium resolution spectroscopy stud- 
ies (see IBartasiute et all l2007l and references therein) deter- 
mined a sligh t ly sub solar metallicity (i.e. [Fe/H]=-0. 16+0.05, 
iFriel & JanesL Il993h . A similar result was found with high- 
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Table 9. Abundance comparison of individual Hyades stars (see text). 



Parameter 


Here 


S09/S06 


M07/M06 




F07 


BoOO 


LC95 


Resolution 


30000 


60000 


42000 




30000 


45000 


30000 


S/N 


300-600 


-500 


100-350 




175 


100-300 


>100 


Star 


028 (y tau) 


Teff (K) 


4750 


4965 


4955 




4823 


4956 


4900 


logg (dex) 


2.7 


2.63 


2.7 




2.43 


2.83 


2.6 


v, (km s _1 ) 


1.4 


1.32 


1.4 




1.57 


1.35 


2.0 


[Fel/H] 


+0.12±0.01 


+0.14±0.08 


+0.11 


+0.16+0 


+0.11+0.01 


+0.13+0.02 


[Fell/H] 


+0.13±0.03 


+0.22±0.16 


+0.10 


+0.09 


±0.08 


+0.11+0.02 


+0.12+0.02 


[Al/Fe] 


-0.01 ±0.05 


+0.20±0.01 


— 


+0.19+0.07 


+0.12+0.00 


-0.17+0.03 


[Ba/Fe] 


+0.37±0.05 


— 


-0.07 




— 


+0.09+0.05 


-0.04+0.00 


[Ca/Fe] 


-0.07±0.03 


— 


+0.10+0.12 


-0.01 


±0.11 


+0.01+0.04 


-0.28+0.04 


[Co/Fe] 


+0.00±0.04 


— 


— 




— 


+0.02+0.02 


+0.04+0.04 


[Cr/Fe] 


+0.02±0.03 


— 


— 




— 


-0.01+0.02 


-0.03+0.11 


[La/Fe] 


-0.12±0.06 


— 


-0.23 




— 


-0.03+0.02 


— 


[Mg/Fe] 


+0.13±0.05 


+0.43±0.01 


-0.08 


+0.03+0.07 


+0.16+0.02 


+0.18+0.05 


[Na/Fe] 


+0.19±0.02 


+0.49±0.05 


+0.22 


+0.05 


±0.11 


+0.32+0.01 


+0.22+0.05 


[Nd/Fe] 


+0.04±0.29 


— 


-0.15 




— 


-0.02+0.03 


+0.07+0.00 


[Ni/Fe] 


+0.02±0.02 


+0.12±0.07 


-0.04+0.12 




— 


+0.00+0.03 


+0.06+0.03 


[O/Fe] 


-0.35±0.07 


-0.09±0.06 


-0.09 


-0.04+0.11 


— 


— 


[Sc/Fe] 


-0.04±0.05 


— 


— 




— 


+0.00+0.02 


+0.01+0.08 


[Si/Fe] 


+0.09±0.03 


— 


+0.07+0.12 


+0.09+0.09 


+0.09+0.03 


+0.21+0.03 


[Til/Fe] 


-0.12±0.02 


— 


— 


-0.05 


±0.10 


-0.01+0.01 


-0.14+0.03 


[Till/Fe] 


-0.03±0.06 


— 


— 


-0.04+0.15 


— 


— 


[V/Fe] 


+0.02±0.04 


— 


— 




— 


+0.01+0.02 


— 


[Y/Fe] 


-0.12±0.05 


— 


-0.11 




— 


+0.01+0.01 


+0.10+0.00 


Star 


041 (6 tau) 


T e // (K) 


4800 


4938 


4975 




— 


4980 


4875 


logg (dex) 


2.8 


2.69 


2.65 




— 


2.83 


2.4 


v, (kms^ 1 ) 


1.4 


1.40 


1.4 




— 


1.25 


2.0 


[Fel/H] 


+0.10±0.01 


+0.14±0.07 


+0.11 




— 


+0.19+0.01 


+0.07+0.01 


[Fell/H] 


+0.13±0.03 


+0.26±0.16 


+0.07 




— 


+0.18+0.03 


+0.04+0.02 


[Al/Fe] 


+0.00±0.05 


+0.16±0.01 


— 




— 


+0.08+0.01 


-0.14+0.01 


[Ba/Fe] 


+0.39±0.05 


— 


-0.02 




— 


+0.15+0.01 


-0.13+0.00 


[Ca/Fe] 


-0.06±0.03 


— 


+0.08+0.12 




— 


+0.00+0.05 


-0.17+0.06 


[Co/Fe] 


+0.01±0.03 


— 


— 




— 


+0.01+0.03 


+0.10+0.05 


[Cr/Fe] 


+0.03±0.03 


— 


— 




— 


-0.04+0.02 


-0.06+0.09 


[La/Fe] 


-0.08±0.05 


— 


-0.33 




— 


-0.05+0.09 


— 


[Mg/Fe] 


+0.06±0.04 


+0.36±0.02 


-0.10 




— 


+0.15+0.01 


+0.33+0.07 


[Na/Fe] 


+0.18±0.02 


+0.44±0.05 


+0.16 




— 


+0.32+0.01 


+0.28+0.05 


[Nd/Fe] 


+0.08±0.30 


— 


-0.17 




— 


+0.02+0.02 


-0.17+0.00 


[Ni/Fe] 


+0.04±0.02 


-0.03±0.06 


+0.06+0.09 




— 


+0.09+0.06 


+0.11+0.03 


[O/Fe] 


-0.25±0.05 


-0.03±0.06 


-0.21 




— 


— 


— 


[Sc/Fe] 


+0.00±0.05 


— 


— 




— 


+0.01+0.02 


-0.02+0.07 


[Si/Fe] 


+0.09±0.02 


— 


+0.07+0.11 




— 


+0.06+0.02 


+0.23+0.03 


[Til/Fe] 


-0.11 ±0.02 


— 


— 




— 


-0.04+0.02 


-0.07+0.03 


[Till/Fe] 


-0.00±0.07 


— 


— 




— 


— 


— 


[V/Fe] 


+0.00±0.03 


— 


— 




— 


+0.02+0.02 


— 


[Y/Fe] 


-0.06±0.06 


— 


-0.10 




— 


-0.04+0.03 


+0.19+0.00 


Star 






070 ( 


: tau) 








T«// (K) 


4800 


4911 


4925 




4838 


4880 


— 


log£ (dex) 


2.8 


2.57 


2.55 




2.52 


2.50 


— 


v, (kms- 1 ) 


1.6 


1.47 


1.4 




1.63 


1.46 


— 


[Fel/H] 


+0.11+0.01 


+0.20±0.08 


+0.11 


+0.21+0.07 


+0.11+0.01 


— 


[Fell/H] 


+0.09±0.03 


+0.22±0.16 


+0.11 


+0.18+0.10 


+0.05+0.03 


— 


[Al/Fe] 


+0.02±0.05 


+0.15±0.01 


— 


+0.17 


±0.08 


+0.20+0.01 


— 


[Ba/Fe] 


+0.31±0.05 


— 


-0.02 




— 


+0.09+0.01 


— 


[Ca/Fe] 


-0.07±0.02 


— 


+0.11+0.12 


+0.01 


±0.10 


+0.09+0.03 


— 


[Co/Fe] 


+0.06±0.03 


— 


— 




— 


-0.01+0.04 


— 


[Cr/Fe] 


+0.08±0.04 


— 


— 




— 


+0.00+0.01 


— 


[La/Fe] 


-0.05±0.05 


— 


-0.20 




— 


-0.17+0.00 


— 


[Mg/Fe] 


+0.21±0.07 


+0.37±0.02 


-0.08 


-0.03 


±0.08 


— 


— 


[Na/Fe] 


+0.18±0.02 


+0.41±0.04 


+0.23 


+0.04+0.11 


+0.40+0.04 


— 


[Nd/Fe] 


+0.08±0.28 


— 


-0.21 




— 


-0.10+0.05 


— 


[Ni/Fe] 


+0.03±0.02 


+0.06±0.08 


+0.09+0.11 




— 


+0.00+0.02 


— 


[O/Fe] 


-0.22±0.07 


-0.13±0.06 


-0.01 


-0.04+0.13 


— 


— 


[Sc/Fe] 


-0.04±0.05 


— 


— 




— 


— 


— 


[Si/Fe] 


+0.10±0.03 


— 


+0.09+0.11 


+0.05 


±0.11 


+0.09+0.03 


— 


[Til/Fe] 


-0.06±0.01 


— 


— 


-0.01 


±0.08 


-0.05+0.03 


— 


[Till/Fe] 


-0.02±0.11 


— 


— 


-0.14+0.11 


— 


— 


[V/Fe] 


+0.09±0.03 


— 


— 




— 


-0.04+0.03 


— 


[Y/Fe] 


-0.07±0.05 


— 


-0.11 




— 


-0.05+0.03 


— 
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Table 10. High-resolution average Hyades abundances from gi- 
ants. 



Table 11. High-resolution average Praesepe (NGC 2632) abun- 
dances. 





Here 


S09/S06^ 


BoOO" 


V99 r 




Here 


P08" 


A07" 


Bu98< 


R=A/6A 


30000 


60000 


45000 


30-65000 


R=A/6A 


30000 


100000 


55000 


90000 


S/N 


50-100 


100-200 


100-300 


-200 


S/N 


50-100 


=80 


= 100 


-200 


[Fe/H] 


+0.11+0.01 


+0.21+0.04 


+0.12+0.06 


-0.05+0.03 


[Fe/H] 


+0.16+0.05 


+0.27+0.10 


+0.11+0.03 


+0.40+0.14 


[Al/Fe] 


+0.00±0.02 


+0.17+0.03 


+0.13+0.06 


— 


[Al/Fe] 


+0.00+0.03 


-0.05+0.12 


— 


-0.19+0.17 


[Ba/Fe] 


+0.36±0.04 


— 


+0.10+0.03 


-0.03+0.07 


[Ba/Fe] 


+0.33+0.05 


+0.22+0.06 


— 


— 


[Ca/Fe] 


-0.07±0.01 


— 


+0.03+0.05 


+0.03+0.04 


[Ca/Fe] 


-0.08+0.02 


+0.00+0.11 


— 


+0.04+0.16 


[Co/Fe] 


+0.03±0.03 


— 


+0.00+0.02 


— 


[Co/Fe] 


+0.04+0.02 


— 


— 


— 


[Cr/Fe] 


+0.04±0.03 


— 


-0.02+0.02 


— 


[Cr/Fe] 


+0.05+0.01 


-0.01+0.08 


— 


— 


[La/Fe] 


-0.08+0.04 


— 


-0.10+0.08 


— 


[La/Fe] 


-0.05+0.02 


— 


— 


— 


[Mg/Fe] 


+0.10+0.08 


+0.38+0.03 


+0.16+0.01 


+0.17+0.04 


[Mg/Fe] 


+0.27+0.05 


— 


— 


— 


[Na/Fe] 


+0.18+0.01 


+0.45+0.04 


+0.37+0.05 


+0.10+0.05 


[Na/Fe] 


+0.25+0.06 


-0.04+0.12 


— 


— 


[Ni/Fe] 


+0.03+0.01 


+0.05+0.07 


+0.05+0.06 


+0.04+0.04 


[Ni/Fe] 


+0.02+0.02 


-0.02+0.12 


— 


+0.21+0.17 


[O/Fe] 


-0.27+0.04 


-0.08+0.05 


— 


+0.11+0.04 


[O/Fe] 


-0.11+0.03 


-0.40+0.20 


— 


— 


[Sc/Fe] 


-0.02+0.02 


— 


+0.00+0.01 


+0.03+0.07 


[Sc/Fe] 


-0.04+0.05 


— 


— 


— 


[Si/Fe] 


+0.09+0.01 


— 


+0.07+0.01 


+0.13+0.03 


[Si/Fe] 


+0.06+0.02 


-0.01+0.12 


— 


— 


[Ti/Fe] 


-0.09+0.04 


— 


-0.04+0.02 


— 


[Ti/Fe] 


-0.07+0.03 


-0.04+0.12 


— 


— 


[V/Fe] 


+0.04+0.05 


— 


-0.01+0.03 


— 


[V/Fe] 


+0.06+0.03 


— 


— 


— 


[Y/Fe] 


-0.09+0.03 


— 


-0.04+0.02 -0.04+0.07 
U d2006h. from the same 3 K 


[Y/Fe] 


-0.11+0.01 


i 6 G and 1 F main sequence s 


— 


ISchuler 


et all d2009h andlSchuler et a 


" lPaceetalJd2008l). fron 


tars. 


giants studied here. 


, from the same 3 K giants studied here. 


" lAn et all d2007h. from 4 G dwarfs stars. 

c iBurkhart & CouDrvl dl998f). from 10 Am stars. 




* iBovarchuk et alJd2000h 




' Varenne 


& Monied dl999:). from 29 F dwarfs. 















resolution spectroscopy (R^40000, S/N^80-150) in eight 
F-type star s around the main seque nce turn-off ([Fe/H]=- 
0.09+0.05, iHobbs & Thorburnl Il992l) . However, an investi- 
gation based on high-resolution spectroscopy (R ^57 000, 
S/N^30-80) of 18 G giant stars obtained a solar [Fe/H] ratio 
(TFe/Hl=+0.01±0.04. ISestito et all 12004 in closer agreement 
with the value determined here. To our knowledge, we are the 
first to publish abundance ratios of elements other than [Fe/H] 
for this cluster. 



4.3. Hyades 

The Hyades cluster (Melotte 25; a 2 ooo = 04 /, 26'"54 i and 6 2 ooo = 
+ 15°52'00") is the closest OC to the Sun (-45 pc) located in the 
constellation of Taurus. Its proximity has motivated a n extensive 
study lasting more than a century (starting with iHertzsprungb 
1 1909t> . The OC is embedded into a moving group with the 
same name, which suggests that it would be part of a dynami- 
cal stream coming fr om the inner Galaxy or a disrupting cluster 
(iFamaevet all 120071) . 

Being one of the most studied clusters, both photometri- 
cally and spectroscopically, it is the ideal cluster for abun- 
dance analysis comparisons. The color-magnitude diagram of 
this y oung OC (-0.7 Gyr, see Table[3j e.g. Johns on & Knuckles! 
1 19551) contains only four red giant stars that have been con- 
firmed as members from their parallaxes, proper motions, and 
radial velocities. Most of the existing a bundance stud i es are 
focused on main sequence stars (see e.g. [P aulson e t all 12003b 
Burkhart & Coupry, 2000; Varenne & Monier, 1999, and refer- 
ences therein). A comparison of the Hyades average abundances 
determined from some (or all) of the known four red giants are 
shown in Table [TO] The averages of the abundances compiled 
until 1999 by Va renne & Monierl (1 19991) are shown in the last 
column of Table [TOJ for reference. In general, [Fe/H] appears 
slightly supersolar, while all other abundance ratios are solar, 
and our abundance ratios agree well with literature values. 



The three late-type Hyades giants 
070) have been wide l y stu di ed (e.g. 



(028, 041, and 



1995b IBovarchuk et all [20001: ISchuler et all 



Luck & Challenet 
20061 



Mishenina et all l2006l l2007t iFulbright et all l2007l) ~In Table g] 



2009; 



we compiled available literature data. Our temperatures are 
slightly lower (by -100 K) than the literature ones, whereas our 
values of logg and v, are similar. These marginal differences 
appear to have no significant impact on the derived abundance 
ratios, which agree very well with literature ones. Exceptions 
are Al, Ba, and O, which suffer from technical measurement 
problems (not strictly related to the Hyades cluster) and are 
discussed in Sections [3.3l andl5l 

4.4. Praesepe (NGC 2632) 

The cluster popularly known as Praesepe or Beehive (also called 
M 44, NGC 2632 or Melotte 88; a 2 ooo = 08 /, 40'"24 i and 6 2 ooo = 
+ 19°40'00" ), is an old OC (0.65 Gyr, see Table [3]) well known 
from the antiquity. It is located in the Cancer constellation at a 
distance of ^175 pc, computed from Hipparcos parallaxes. 
Its metal content was derived with different methods (e.g. 

■ i i i ■ i i i "i h 



Friel & Boesgaard, 1992; Komarov & Basak, 1993; Claria et al 
1996c iHui-Bon-Hoa & AlecianL 11998b IBurkhart & Couprv 



1998 1 12000b iDias et all 120021 iPace et all l2008h . In general, 
all the quoted studies obtained a metallicity either barely or 
definitely supersolar. Of these, the high-resolution abundance 
determination s were derived ma in ly for dwarfs or early-type 



giants (e.g. Friel & Boesgaardl 



11998b lAn et all l2007b IPace et all 



92fc IBurkhart & Couprvi 
Surprisingly, to our 
knowledge, there are no recent high-resolution abundance 
determinations of late-type giants in this cluster. 

TablefTTIshows a comparison of our results with some of the 



most recent high-resolution studies. In general, the [Fe/H] we 
derive d in o ur late-type giant s lies in-between those of lPace et al.l 
(120081) and lAn et al.l (120071) . suggesting that the proposed di- 
chotomy of literature values (barely supersolar versus definitely 
supersolar) should be interpreted rather as an above average 
uncertainty. This larger than usual uncertainty could naturally 
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arise from the different spectral types and abundance analysis 
methods employed in the literature. The [Fe/H] ratio derived by 
(Bur khart & Couprvl 119981) . based on Am stars, is on average 
^0.3 dex larger than the values obtained in other works using 
different spectral-type stars. Although these stars should in prin- 
ciple reflect the chemical composition of the cluster, Am stars 
always have overabundant Fe abundances relative to other ob- 
jects in the same clusters, without a clear explanation appearing 
in the literature. As in the case of the Hyades, Na and O abun- 
da nces derive d by u s appear marginally discrepant with those 
by iPace et all d2008l) . and will be discussed in more detail in 
Section[5] 

5. Discussion of abundance ratios 

As in Paper I, we compared our abundance ratios (and those from 
Paper I) with both others in the lit erature and the abundance s of 
the Galactic disc field stars from iReddv et all d2006l 120031) in 
Figures [3] to [6] We extended the open cluster abundance compi- 
lation of Paper I (see Table \T% with both recent published works 
and old studies that were not included in the previous version. 
In both cases, as in Paper I, we included only studies based on 
high-resolution (R> 18000) spectroscopy. When more than one 
determination was available for one cluster, we simply plotted 
them all to give a realistic idea of the uncertainties involved in 
the compilation, and we did not attempt to correct for differences 
between the abundance analysis procedures (loggf, solar refer- 
ence, and so on), because this would be beyond the scope of the 
present article. 
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5.1. Iron-peak element ratios 

Figure [3] shows the abundance ratios of iron-peak elements. Our 
OC with abundances close to solar (i.e., Hyades, Praesepe, and 
NGC 752) are in very good agreement with the results obtained 
in other OC studied with high-resolution spectra and in disc stars 
of similar metallicity. A larger scatter or marginal discrepancies 
are sometimes observed for the odd elements Sc, V, and Co, but 
this is because of the well-known hyperfine structure (HFS) of 
the lines usually employed in the analysis. The element that ap- 
pears to suffer more from these effects is vanadium. This scatter 
is due, at least in part, to the different procedures used in the lit- 
erature for treating the HFS splitting. We stress that in our case, 
we do not attempt any HFS correction. 

The most metal-poor and oldest OC in our sample, Be 32, 
has a puzzling behaviour. While all its iron-peak abundance 
ratios are still compatible with the literature values for OC 
and field stars of similar metallicity (uncertainties are large), 
some underlying discrepancy could be present. For example, 
HFS should cause an overestimate (and not an underestimate) 
of vanadium. In addition, chromium appears to be lower than 
solar. We note th at (see Ta b le [8]l t he literature Co an d Cr 
determinations bv iFriel et all (l2010t) . ISestito et all (120061) . and 
iBra^aglia et al.l (120081) are very similar to ours. In the case of 
our [Cr/Fe] measurement for Be 32, we must note that our two 
giants appear to exhibit quite different [Cr/Fe] abundances, re- 
sulting in a large scatter in the cluster average value. This large 
scatter is most probably due to a measurement uncertainty, and 
should not be considered significant. 

In Paper I, we noticed a peculiar behaviour in the Ni abun- 
dance ratios of literature OC determinations: they appear to be 
slightly richer in Ni than field stars by roughly 0.05 dex. Our 
[Ni/Fe] ratios are in closer agreement with the field star determi- 
nations than with the OC ones. Although this difference is small 



Fig. 3. Comparison between our iron-peak abundance ratios 
(large black dots), those of Paper I (large black open circles), 
high-resolution measurements listed in Table Q~2] (large dark 
grey dots), field stars b elonging to the thin disc (light grey 
dots, Red dv et all 120031) . and to the thick disc (tiny light grey 
dots, Reddy et al., 2006). Errorbars in our measurements are the 
quadratic sum of all uncertainties discussed in Sections 13.21 and 
331 



(within the uncertainties), it appears systematic in nature, and 
we were unable to find any easy explanation, such as the choice 
of either solar reference abundances or the \oggf system, of this 
discrepancy. 

5.2. Alpha-element ratios 

Figure|4]shows the abundance ratios of or-elements. As for iron- 
peak elements, our measurements are always compatible with 
the literature values, within their uncertainties. Generally speak- 
ing, all our OC show roughly solar c-enhancements, even Be 32, 
which has a lower metallicity. 

However, some elements deserve some more discussion, as 
was noted in Paper I. For example, the loggf of calcium are quite 
uncertain, and we chose the VALD reference atomic data, which 
explains why our [Ca/Fe] ratios are slightly lower than the bulk 
of literature determinations for cluster and disc stars. A similar 
problem affects the Mg lines, as can clearly be appreciated from 
the large spread of literature values. Our [Mg/Fe] determinations 
tend to lie on the upper envelope of literature ratios for OC. A 
deeper discussion of Mg abundances can be found in Paper I. 
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Fig. 4. Comparison of our o'-elements ratios with literature val- 
ues. Symbols are the same as in Figure[3] 



In the case of oxygen, the problem is instead in the difficulty 
in measuring its small lines. The forbidden [O I] line at 6300 A, 
which we used in this paper, suffers from contamination by a 
Ni line and by telluric absorption features, while the O triplet 
around 7770 A (used by some other studies) suffers from NLTE 
effects. This is reflected by the large scatter in literature values. 

5.3. Heavy element ratios 

We determined abundances for three heavy s-process elements: 
Ba, La, and Nd; and one light s-process element: Y (Figure |5}. 
Literature determina tions for these elements are not numerous. 
iD'Orazi et al.l (120091) measured Ba in several OC using spec- 
tral synthesis to ta ke into accou n t HFS . The [Ba/Fe] abun- 
dances derived by ID'Orazi et al.l d2009l) taking into account 
HFS do not differ significantly from other literature determi- 
nations (including ours). The [Ba/Fe] ratios are clearly above 
solar for most of the clusters and they show a scatter larger 
than -0.5. ID'Orazi et al.l (120091) found this scatter to be due to 
age: the Ba content appears to increase for younger clusters. 
The available lanthanum and neodymium lines were unfortu- 
nately relatively small, and we were able to find fewer pub- 
lished studies to compare with. As a result, the solar clusters 
(Hyades, Praesepe, and NGC 752) have La and Nd ratios in 
good agreement with the literature, while Be 32 appears to have 
lower [La/Fe] and [Nd/Fe] than th e few studied OC at a sim- 
ilar metallicity, which are Mel 66 dGratton & Contarinil 1 19941) 
and NGC 2243 dSmith & SuntzeffLI 19871) . However, our fNd/Fel 
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Fig. 5. Comparison of our s-process elements ratios with the lit- 
erature ones. Symbols are the same as in Figure[3j except for the 
black star-like symbols in the top [Ba/Fe] panel, which represent 
th e revision of B a abundances with spectral synthesis performed 
bv lD'Oraziet all (120091) . 
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Fig. 6. Comparison between our [Na/Fe] and [Al/Fe] ratios and 
the literature ones. Symbols are the same as in Figure[3] 



agrees well with the field star solar ratios. The only light s- 
process element we could measure, Y, relies on a couple of weak 
lines that provide uncertain abundances (see the large errorbar in 
Figure|5]l. Our Y ratio appears to be lower than all literature es- 
timates, although still compatible with the solar values of field 
stars of similar metallicity, within the large uncertainties. 

In summary, we can say that all the studied clusters appear to 
have roughly solar s-process enhancements, but it would be ex- 
tremely interesting to attem pt a more detailed stu dy of s-process 
elements in OC, as done bv lD'Oraziet al.l d2009l) for barium. 
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5.4. Ratios of Na and Al and anticorrelations 

As discussed in Paper I, the study of light elements in OC 
is quite interesting. The elements Al and Na, together with 
Mg, O, C, and N, show puzzling (anti-)correlations in almost 
all of the studied globu l ar clusters, in the M ilky Way (see, 
e.g.. ICarretta et all 1201 Ot Pancino et all 201 Obi and references 
therei n) and outside (e.g. lMucciareiri et all l2009t iLetarte et all 
120061) . No (anti-)correlati ons were obse rved in either field stars 
(but seelMarteil & Grebelll2010t) or OC (iMartell & Sm ith, 2009; 
Ide Silva et all l2009t ISmiljanic et all I2009L and Paper I) so 
far. This suggests that metallicity, cluster size and age, or 
the environment must play a role, and therefore finding (anti- 
correlations in some OC would be of enormous importance to 
put tighter constraints on the phenomenon. 

We determined abundances of Al and Na and compared them 
with published results in Figure [6] While in the case of alu- 
minium the agreement with literature values is good, we find 
a significantly lower [Na/Fe] ratio for Be 32 than for other 
clusters or field stars of similar metallicity. Generally speak- 
ing, the large scatter in Na determinations could be due to 
the diffi culties in measuring Na lines, often affected by NLTE 
effects dGratton et all 1 19991) . although no such scatter is ob- 
served among field stars. However, a few clusters have [Na/Fe] 
lower than our Be 32 determination, and NLTE corrections 
dGratton et all 1 19991) could make the discrepancy of our Be 32 
Na determination even worse. Unfortunately, given the large 
scatter and the difficulty of measurement, it is difficult to ei- 
ther confirm or exclude the presence of some (small) intrinsic 
[Na/Fe] scatter in this clusters. 

In Figure [7] all the studied stars occupy the "normal stars" 
loci, which is around solar for Na and Al, and slightly a- 
enhanced for O and Mg (see Section l572l . There is a hint of cor- 
relation between [Al/Fe] and [Na/Fe], which was also observed 
for objects studied in Paper I. Of course, small variations in T e ff 
could induce artificial correlations between element pairs, so the 
observed trend is most probably not-significant. However, we 
again note that the Na spread is very large (see above), suggest- 
ing that a small degree of chemical anomalies (barely hidden 
within the present observational uncertainties) cannot be com- 
pletely excluded. 



6. Galactic trends 

The existence of trends in the chemical abundances with 
Galactocentric distance, R gc , vertical distance to the Galactic 
plane, z, and age, are key to understanding Galactic disc for- 
mation and evolution because they provide fundamental con- 
straints on chemical evolution models. Different tracers have 
been used to investigate trends in the Ga lactic disc: OB stars ( e.g. 
iDaflon & CunhaLl2004. C epheid s (e.g iLemasle et all 12003) . H 



II re gions (e.g. iDeharveng et all l2000l) . and planetary nebulae 



11 regions (e.g. Deharveng et al., 2UUU), and planetary nebulae 
(e.g. ICosta et all [20041) . However, as coeval groups of stars at 



the same distance and with a homogeneous chemical composi- 
tion, OC are the ideal test particles to investigate the existence 
of radial and vertical gradients and of an age-metallicity relation 
in the disc. 

We complement the small sample of abundance ratios ob- 
tained here and in Paper I with a revised version of the litera- 
ture data first presented in Paper I (Table [T2l . When a cluster 
had two or more abundance determinations available in the lit- 
erature, we averaged them to make the figures easily readable 
and the error bars are, simply, calculated as the standard devi- 
ation. For those clusters with only one abundance determina- 
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Fig. 7. A search for (anti)-correlations of Al, Mg, Na, and O 
among our target stars. The four panels show different planes 
of abundance ratios, where stars belonging to each cluster are 
marked with different symbols. Dotted lines show solar values, 
solid lines show linear regressions and the typical uncertainty 
(~0. 1 dex) is marked at the lower right corner of each panel. 



tion, the error bars are the uncertainties in those determinations. 
Th e heliocent r ic dis tances compiled in the updated version of 
fhe lDias et al.l d2002l) database were used to obtain R gc and z for 
each cluster, assuming /?cc G =8.5 kpc. Ages were obtained from 
the same source, which is a compilation of different values avail- 
able in the literature, hence might still be quite inaccurate for 
some clusters. In spite of its heterogeneity, our compilation con- 
tains a total of 89 clusters and is, to the best of our knowledge, 
the largest available in the literature, based on high-resolution 
spectroscopic abundances. Any attempt to homogenize this sam- 
ple, for which abundances, distances, and ages have been de- 
rived from very different techniques, is clearly beyond the scope 
of this paper. This prevents us from a detailed analysis of the 
Galactic trends of all elements. For this reason, we focus only 
on [Fe/H] and [ff/Fe] ratios. In spite of this heterogeneity, this 
analysis is still very useful owing to the number of clusters, and 
the large range of ages, and vertical and radial distances covered, 
even if the heterogeneity of the sample forces us to be extremely 
cautions when drawing any conclusion from the data. 

6. 1 . Trends with Galactocentric radius 

Radial gradients may arise when the disc forms, and different 
mechanisms can produce them: for example, different timescales 
of star formation at different distances (e.g., Schaye, 2004); a ra- 
dial variation in the infall o f gas; or a change in the yield as a 
function of the radius (e.g., iMolla et all I1996I) . This initial ra- 
dial gradient can be either amplified (stee pened) or washed ou t 
(flattened) with time by radial mixing (e.g.. Ros kar et all f2008). 
Since the pioneering work of iJanesi (Il979t) . OC have been 
widely used to investigate the gradient in metallic i ty with ra- 
dius in the Galactic disc (e.g.. iTwarog et all l2003b TFriel et all 
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Fig. 8. Trends of [Fe/H] (top panel) and [ff/Fe] (bottom panel) 
with galactocentric radius. Grey dots are OC compiled in 
Table Q~2] while black dots are the ones analysed here and in 
Paper I. A global linear fit is drawn in both panels (long-dashed 
line). Two separate linear fits of OC inside and outside 12.5 kpc 
are also shown (solid lines). 



Fig. 9. Gradient in [Fe/H] as a function of R gc in four different 
age bins (labeled in top-right corner). A linear fit is performed 
for the OC within a radius of R gc =12.5 kpc, and the slope in- 
dicated on each panel. A flatter and roughly constant slope is 
found outside a radius of R gc -12.5 kpc. 



2002L Magrin i et all 120091: iFriel et all 120101: Ijacobson et all 
201 laUbh . iFriell (1 19951) reviewed the firsts investigations in this 
field. Since then, a great effort have been performed to obtain 
both homogeneou s (e.g.. IFriel et all l2002t ISestito et all 12008 : 



Frieletal. , 201 Oh and/or lar ger samples (e.g., iTwarog et al. 



hnel et all IZU1U) an a/or large 
1997t Uacobson et all l20lTallb1) 



All these investigations agree 
on the fact that the ir o n con tent decreases with increasing ra- 
dius (e.g., IFriel et all l2002h . This behaviour has been gen- 
erally considered linear with a slope between -0.05 and - 
0.09 dex kpc 1 , depending on the cluster sample used. Similar 
trends were obtai n ed for other different t racers of the disc (e.g., 
Andrievs kv et all l2004t iLemasle et"aTl 120081) . Most of these 
works were limited to the inner R gc ^15 kpc. However, investi- 
gatio ns based on samples containing clusters at larger distances 
(e.g jTwarog et allll997UYong et alll200llSestito elaTl 120081) 
found that the [Fe/H] ratio decreases as a function of increas- 
ing radius to R gc =T2.5 kpc and appears to flatten from there 
outwards. 

The variation in [Fe/H] with R gc in our compilation has been 
plotted in the top panel of Figure [8] The whole sample is well 
fitted by a line with a slope of -0.046±0.005 dex kpc -1 (long- 
dashed line), in concordance with the result obtained in Paper 
I from a ^20% smaller sample (-0.05±0.01 dex kpc -1 ) and in 
other i nvestigations in the literature (e.g. -0.06±0.02 dex kpc -1 ; 
Friel et al., 2002). The sample used here contains more clusters 
with distances larger than R gc >12 kpc. This allows us to inves- 
tigate the discontinuity observed by some authors at R gc ^12- 
13 kpc. At first sight, no clear discontinuity in slope appears, 
partly because of the large range of [Fe/H] at this radius (^0.5 
dex) and partly as a possible consequence of the heterogeneity 
of our sample. However, when we fit separately clusters inwards 
and outwards of 12.5 kpc, we find two significantly different 



slopes: the metallicity in the inner disc decreases with a slope 
of -0.07 ±0.01 dex kpc -1 , while in the outer disc the slope is 
-0.01 ±0.01 dex kpc -1 . The obtained slopes change within the 
uncertainties if the cut radius varies between 1 1.5 and 13.5 kpc. 
This is also in very go od agreement with the recent results by 
lAndreuzzi et al.l d2011l) . who find -0.07 dex kpc -1 in the inner 
12 kpc. This bimodal behaviour can be explained by a different 
chemical enrichment and star format ion in the inner and outer 
disc; (e.g. Chi appini et al ., 2001; Mag rini et all 12009) however, 
a sharp discontinuity between the inner and outer disc is not ex- 
pected theoretically. 

The ratio [a/Fe] reflects the relative contributions of Type 
la and II supernovae: chemical evolut ion models pre d ict an 
increase of this ratio with R gc (e.g. IChiappini et all 120011; 



Magrini et al., 2009J ). This tendency was indeed observed in OC 
bv. e.g jYong et al.ld2005l) . lMagrini et alj (120091) . and in Paper I. 
The bottom panel of Figure [8] shows the variation in [a/Fe] with 
R gc for our compilation: a weak increase in a-element abun- 
dances with radius is apparent. However, the slope is still com- 
patible with a flat distribution at the 1 cr level, as in Paper I, es- 
pecially if the two outermost clusters are removed. The discon- 
tinuity observed for [Fe/H] is not evident at all in [a/Fe]. 

An accretion of a satellit e into the outer disc could also ex- 
plain the trend observed (e.g. lChiappini et alll200lLlYong et all 
120051) . In this case, we would expect to find some inho- 
mogeneities corre s pondi ng to the trajectory of the merger. 
ICarraro & Bensbvl (120091) indeed found evidence that two OC, 
Berkeley 29 and Saurer 1, are related to the Sagittarius dwarf 
galaxy. Our compiled sample unfortunately do not allow us to 
investigate this question in depth. 
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6.2. Time evolution of the radial gradient 

Chemical evolution models of the Galactic disc predict a varia- 
tion in the metallicity gradient with time, but they disagree about 
the direction of this gradient variation (see Maciel e t all 120071 
for a recent review), some predicting a steepening and some a 
flattening of the gradient with time. Studies based on metallic - 
ities derived from low-resolution spectroscopy found that old 
OC (>1 Gyr) followed a steeper radial gradient, ~-0.08 dex 
kpc 1 , than the younger ones, — 0.02 dex kpc -1 dFriel et all 
l2002t IChen et all 120031) . Only recently have chemical abun- 
dances been derived from high-resolution spectroscopy for a 
sufficient number of OC to significantly investigate the varia- 
tion in the radial gradient with time. As for studies based on 
low-resolution spectra, they agree that the gradient was s teeper 
in the past and has fl attened with time (iMagrini et all l2009t 
lAndreuzzi et all 201 ll). For exam ple, on the basis of a sample of 
~70 OC lAndreuzzi et al.l d201 It) found that all objects younger 
than 4 Gyr display a similar gradient with a slope -0.07 dex 
kpc _1 in the inner 12 kpc, while the one for older objects is 
steeper, -0.15 dex kpc -1 . 

Other tracers have been used to study the time variation 
in radial gradients. Studies based on planetary n ebulae found 
more puzzling results: while iMaciel et alj d2003l) found a flat- 
tening of the gradient with time , as generally observed for OC, 
Stanghell ini & Havwoodl d2010l) found that the gradient steep- 
ens with time. At the moment, there is no explanation of this 
contradictory result. Comparisons among the slopes of the ra- 
dial gradients described by populations of different ages also 
show that the gradient has flattened out in the past few Gyr (see 
IMaciel & Costal 120091 for a recent review). 

To investigate the behaviour of the radial gradient in our 
compiled sample of high-resolution abundances, we plotted in 
Figure [9] the gradient in [Fe/H] as a function of R gc in four dif- 
ferent age bins. We obtained a linear fit in each age bin for the 
inner 12.5 kpc, and for the outer range we simply used the same 
fit as in Figure [8] owing to the paucity of OC after age binning 
in this region. We found that the slope of the [Fe/H] gradient in- 
creases as we go back in time from -0.02+0.01 dex kpc for 
objects younger than 0.1 Gyr to -0.10±0.01 dex kpc -1 for clus- 
ters older than 2.5 Gyr. 



6.3. Trends with the disc scale-height 

Another interesting trend that could be investigated is the be- 
haviour of [Fe/H] with the vertical scale-height of the disc z, 
i.e., the vertical [Fe/H] gradient. Although the formation of the 
thick discs remains an open question, the existence of verti- 
cal gradients can help us to discriminate among the mecha- 
nisms proposed to their formation. No vertical chemical gra- 
dients are expected in thick discs formed by heating caused 
by accretion events or major mergers. In contrast, vertical gra- 
dients may exist in discs thickened by gradual heating of the 
thin disc or befor e the gas has settled to form a thin disc 
(see iMouldl I2005L for a review). Up to now, there is no con- 
clusive agreement about the existence of a vertical metallic- 
ity gradient in the Galactic disk. The existence of a vertical 
gradient for field stars have been claimed by several authors, 
although t hey cover only about 1 kpc above and below the 
disc plane (iBartasiute et all 120031: iMarsakov & Borkoval 120051 
l2006t ISoubiran et all 120081) . Studies covering lar ge ranges of |z | 
do not find any evidence of a vertical gradient dGilmore et all 
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dient of ~-0.3dex kpc' dPiatti et all 119951: ICarraro eFail. 119981: 
IChen et alll2003l) . although, these studies do not distinguish the 
effects of the radial gradient, which can ma sk any verti cal trend. 
This effects were taken into account by Jacob son et al.l d2011al) 
who found no evidence of a vertical gradient. 

To investigate the presence of trends with z in our compila- 
tion, we firstly had to remove the contribution of the radial metal- 
licity gradient. We plotted in Figure [TO] the variation in [Fe/H] 
with \z\ in four different annuli of R gc . We note that OC with high 
\z\ are preferentially located at large R gc ; this is not unexpected 
because the disc thickens in its external regions. Moreover, an 
intrinsic bias caused by obscuration in the plane appears: clus- 
ters at large Galactocentric radii are found and observed pref- 
erentially higher above the plane. This could explain why the 
two outermost annuli studied uncover a possible weak decrease 
in [Fe/H] as z increases. This trend is however still compatible 
with no gradient at the 1 cr level and, once again, larger samples 
of homogeneous data are necessary to investigate this result in 
detail. 

6.4. Is there an age-metallicity relation for open clusters? 

Another important prediction of the chemical evolution models 
is the existence of an age-metallicity relation for disc popula- 
tions. It is still unclear whether or not the field dis c stars follow 
an age-metallicity relation . Some works find it (e.g. lReddvet all 
2003} iBensbv et all 120041 iReid et all 120071). but others do not 



1 19951: ISoubiran & Girardl 120051: iNavarro et all 1201 lb among the 
field populations. Studies using OCs have found a vertical gra- 



te. g.lFeltzinget all 120011: [Nordstrom et all 120041: iKaratas et all 
120051) . Again, no clear trend of chemical abundances wit h age 
has b een clearly observed in the c ase of Galactic OC (e.g. lFriell 
119951) . Although lFriel et all d2010h notices a trend of [Al/Fe] and 
[O/Fe] ratios with age, again larger and homogeneous samples 
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plotted as reference. 



- We have confirmed the absence of light elements (anti- 
correlations in the OC studied so far. 

We have updated our compilation of previous literature data 
for 57 clusters of Paper I to a total of 89 clusters presented here. 
With this updated compilation and our homogeneous measure- 
ments in hand, we have investigated Galactic trends in [Fe/H] 
(and [ff/Fe]) with age, Galactocentric radius, and height above 
the Galactic plane. Our findings are in substantial agreement 
with other similar investigations, where the abundance gradient 
appears to indeed flatten out outside R gc ^12.5 kpc, and the inner 
disc slope appears to flatten for younger ages as well, although 
the age bins are not too well-sampled. At the same time, [a7Fe] 
shows a weak increase with R gc . No significant gradients are ob- 
served with |z| or age, except for a weak tendency of [Fe/H] to 
decrease with increasing |z| and decrease with age in the outer- 
most disc annulus studied. None of our measured weak trends 
have any significance above 1 cr. Larger samples of homoge- 
neous data are still necessary to investigate the existence of any 
dependence on age and |z| in the Galactic disc. 
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are necessary to confirm this result. If an age-metallicity relation 
is confirmed for the field population but not for OC, this would 
impl y that they might h ave followed a different chemical evolu- 
tion J^nieFaril^Qll)- 

The evolution of the radial gradient as a function of time, de- 
scribed above, indicates that the chemical enrichment of OC is 
modulated by their location in the Galaxy and not by the moment 
at which they formed. To investigate whether an age-metallicity 
relationship exits at a given R gc , we plotted in Figure[TT]the evo- 
lution of [Fe/H] with age in four different radial annuli. There 
is no clear trend in any of the studied annuli, although not all 
of them contain clusters covering the same age range. Only in 
the outermost annulus is a weak trend observed, although it is 
still not very significant. Again, we conclude that a larger sam- 
ple of homogeneous data are necessary to investigate this point 
in depth. 

7. Summary and conclusions 

We have enlarged our sample of homogeneous high-resolution 
abundance measurements from the five clusters of Paper I to a 
total of nine, analysing here spectra of red clump giants in the 
Hyades, Praesepe, NGC 752, and Be 32. Our main results can 
be summarized as follows: 

- We provide the first hig h-resolution based a bundance ratios 
(other than [Fe/H], see ISestito et all 120081) for NGC 752, 
which turned out to be mostly of solar composition; 

- We have presented the abundance ratios of Praesepe red 
clump giants, which appear to solve a puzzling dichotomy 
of literature determinations for stars of different evolution- 
ary stages; 

- We have found that our abundance ratios for the Hyades and 
Berkeley 32 are in good agreement with other literature de- 
terminations; 
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Table 12. Literature sources of high-resolution (R>1500) [Fe/H] ratios of open clusters together with the resolution, signal-to-noise ratios, number 
of stars, and method used in each of them. 



Cluster 



[Fe/H] 



Resolution 



S/N 



N. Star 



Be 17 


Be 20 


Be 21 


Be 22 


Be 25 


Be 29 


Be 31 


Be 32 


Be 39 


Be 66 


Be 73 


Be 75 


Blanco 1 


Cr 121 


Q-261 



Hyades 



IC2391 

IC2581 
IC 2602 

IC2714 

IC4651 



Mel 25 



-0.10±0.09 


25000 


>80 


-0.48+0.08 


28000 


>50 


-0.30+0.02 


45000 


>35 


-0.54+0.02 


48000 


-20 


-0.32+0.04 


34000 


20-25 


-0.20+0.05 


40000 


25-40 


-0.44+0.02 


34000 


-70 


-0.52+0.03 


28000 


>100 


-0.31+0.03 


45000 


>25 


-0.54+0.06 


28000 


>60 


-0.31+0.06 


28000 


-100 


-0.29+0.04 


45000 


>50 


-0.30+0.02 


28000 


-100 


-0.21+0.01 


28000 


70-115 


-0.48+0.24 


34000 


5-15 


-0.22+0.10 


40000 


25-40 


-0.22+0.20 


40000 


25-40 


+0.04+0.02 


50000 


>70 


+0.20+0.03 


28000 


100^100 


+0.25 


20000 




-0.22+0.11 


25000 


>75 


-0.03+0.04 


40000 


70-130 


-0.01+0.02 


47000 


80-100 


+0.13+0.05 


45000 


>60 


+0.13+0.02 


45000 


200 


-0.05+0103 


60000 


-200 


+0.12+0.06 


40000 


100-300 


+0.13+0.08 


40000 


-100 


+0.13+0.06 


60000 


100-200 


+0.13+0.05 


60000 


100-200 


+0.14+0.04 


40000 


100 


+0.21+0.04 


60000 


175-225 


-0.03+0.07 


18000-44000 


30-100 


-0.01+0.02 


40000 


70-280 


-0.34+0.02 


18000 


>100 


-0.05+0.05 


18000-44000 


30-100 


+0.00+0.01 


40000 


100-250 


+0.12+0.09 


48000 


180 


-0.01+0.01 


50000 


200-300 


+0.11+0.01 


40000 


>100 



3 giant 
2 giant 
2 giant 
4 giants 

2 K giant 

4 giant 
2 G giant 

2 giant 
6 giant 

1 giant 

2 giant 
9 giant 

2 giant 

3 giant 
2 K giant 

2 giant 
1 giant 

8 F-G dwarf 

4 dwarf 

1 supergiant 

4 giant 

6 giant 
12 giant 

7 giant 
14 F dwarf 

29 F 19 A dwarf 

3 giant 

2 F-K dwarf 
55 F-M dwarf 
46 F-K dwarf 

1 dwarf 
3 G dwarf/4 giant 

4 dwarf 

7 G-K dwarf 
1 F supergiant 

9 dwarf 

8 G-K dwarf 

1 giant 
3 giant 

5 giant 



Method 
EWl 

EW~ 

EW 

EW 

EW 

EW 

EW 

EW 

EW 

EW 
EW 1 

EW 
EW 1 
EW 1 

EW 

EW 

EW 

Syn 

EW 

EW 

EW 

EW 

EW 

EW 

EW 

Syn 

EW 

EW 

EW 
EW/Syn 

EW 

Syn 

EW 

EW 

EW 

EW 

EW 
EW^ 

EW~ 

EW 



References 



Friel et al. (2005) 
Yong et al. (2005) 
Sestito et al. (2008) 
Hill &Pasauini (1999) 
Villanova et al. (2005) 
Carraro et al. (2007b) 
Carraro et a l. (2004) 
Yong et al. (2005) 
Sestito et al. (2008) 
Yong et al. (2005) 
Friel etal. (2010) 
Bragaglia et al. (2008) 
Friel et al. (2010) 
Friel etal. (2010) 
Villa nova et al. (2005) 
Carraro et al. (2007b) 
Carraro et al. (2007b) 
Ford et al. (2005) 
Edvards son et al. Q995) 
Mallik(1998) 
Friel et al. (2003) 
Carretta et al. (2005) 
De Silva et al. (2007) 
Sestito et al . (2008) 
Boesgaard & Friel (1990) 
Varenne & Monier (1999) 
Bovarchuk et al. (2000) 
Sestito et al. (2003) 
Paulson et al. (2003) 
De Silva et al. (2006) 
D'Orazi & R andich (2009) 
Schuler et a l. (2009, 2006) 
Randich et a l. (2001) 
D'Orazi & Randich (2009) 
Luck (1994) 
Randich etal. (2001) 
D'Orazi & Randich (2009) 
Smi lianic et al. (2009) 
Santos et al. (2009) 
Carretta et al. (2004) 



n 



£ 



re 



n 



5' 
I 



1 Spectral synthesis for O. 

2 Spectral synthesis for C, N, O. 



Table 12. Continued. 



Cluster 




[Fe/H] 


Resolution 


S/N 


N. Star 


Method 


References 






+0.10±0.03 


45000 


70-120 


5 giant/18 dwarf 


EW 


Pasauini et al. (2004) 






+0.12±0.05 


100000 


-80 


5 G dwarf 


EW 


Pace et al. (2008) 






+0.15+0.01 


50000 


200-300 


3 giant/3 dwarf 


EW 


Santos et al. (2009) 






+0.11+0.01 


48000 


>100 


5 giant 


EW/Syn 


Mikolaitis et al. (2011) 


IC 4665 




-0.03+0.04 


60000 


30-150 


18F-Kdwarf 


Syn 


Shen et al. (2005) 


IC 4725 


M25 


+0.18+0.08 


18000 


>100 


2 supergiant/1 giant 


EW 


Luck (1994) 


IC 4756 




-0.02+0.05 


18000 


>100 


4 supergiant 


EW 


Luck (1994) 






-0.15+0.04 


15000 


70-150 


7 giant 


EW 3 


Jacobson et al. (2007) 






+0.04+0.04 


48000 


>170 


5 giant 


EW 2 


Smilianic et al. (2009) 






+0.02+0.03 


50000 


200-300 


3 giant/3 dwarf 


EW 


Santos et al. (2009) 






+0.01+0.09 


100000 


50-100 


3 dwarf 


EW 


Pace et al. (2010) 






+0.08+0.11 


100000 


50-100 


3 giant 


EW 


Pace et al. (2010) 


Mil 


NGC 6705 


+0.10+0.07 


38000 


85-130 


10 K giant 


EW/Syn 


Gonzalez & Wallerstein (2000) 


M34 


NGC 1039 


+0.07+0.04 


45000 


-70 


9 G dwarf 


EW 


Schuler et al. (2003) 


M67 


NGC 2682 


+0.02+0.05 


28000 


20-50 


4 F dwarf 


EW 


Friel & Boesgaard (1992) 






-0.03+0.03 


30000 


>100 


9 giant 


EW 4 


Tautvaisiene et al. (2000) 






-0.01+0.04 


28000 


>200 


3 giant 


EW 


Yong et al. (2005) 






+0.03+0.01 


45000 


80-180 


8 dwarf/2subgiant 


EW 


Randich et al. (2006) 






+0.03+0.04 


100000 


-80 


6 G dwarf 


EW 


Pace et al. (2008) 






+0.00+0.02 


50000 


200-300 


3 giant/3 dwarf 


EW 


Santos et al. (2009) 






+0.03+0.07 


28000 


150-180 


3 giant 


EW 1 


Friel et al. (2010) 






-0.01+0.05 


21000 


>70 


19 giants 


EW 1 


Jacobson et al. (201 lb) 


Mel 20 


Alpha 


+0.23+0.08 


45000 


300^150 


1 supergiant/1 dwarf 


EW 


Gonzalez & Lambert (1996) 




persei 


-0.05+0.05 


45000 


100 


7 F dwarf 


EW 


Boesgaard & Friel (1990) 


Mel 66 


Crl47 


-0.38+0.01 


30000 


-100 


2 giant 


EW 


Gratton & Contarini (1994) 






-0.33+0.03 


45000 


80-115 


5 giant 


EW 


Sestito et al. (2008) 


Mel 71 


Crl55 


-0.30+0.01 


34000 


-100 


2 giant 


EW 


Brown et al. (1996) 


Mel 1 1 1 


Coma 


-0.05+0.05 


28000 


>150 


14 F dwarf 


EW 


Friel & Boesgaard (1992) 




Berenice 


+0.06+0.10 


42000 


150^100 


1 1 A 1 1 F dwarf 


Syn 


Gebran et al. (2008) 


NGC 188 




+0.01+0.08 


35000 


20-35 


1 1 G dwarf 


EW 


Randich et al. (2003) 






+0.12+0.02 


28000 


120-140 


4 giant 


EW 1 


Friel et al. (2010) 






-0.03+0.04 


21000 


>70 


27 giants 


EW 1 


Jacobson et al. (201 lb) 


NGC 752 




-0.09+0.05 


40000 


80-150 


8 dwarf 


EW 


Hobbs & Thorburn (1992) 






+0.01+0.04 


57000 


30-80 


18 G dwarf 


EW 


Sestito et al. (2004) 


NGC 1193 




-0.30+0.06 


28000 


100 


1 giant 


EW 1 


Friel etal. (2010) 


NGC 1245 




-0.04+0.05 


21000 


>70 


13 giants 


EW 1 


Jacobson et al. (201 lb) 


NGC 1817 




-0.07+0.04 


28000 


120 


2 giant 


EW 1 


Jacobson et al. (2009) 






-0.16+0.03 


21000 


>70 


28 giants 


EW 1 


Jacobson et al. (2011b) 


NGC 1883 




-0.20+0.22 


20000 


-20 


5 giant 


EW 


Villanova et al. (2007) 






-0.01+0.01 


28000 


-100 


3 giant 


EW 1 


Jacobson et al. (2009) 


NGC 1901 




-0.08+0.01 


33000-64000 


50-80 


1 subgiant 


EW 1 


Carraro et al. (2007a) 



















n 



£ 



re 



n 



5' 
I 
a 



■a 



3 Spectral synthesis for Al, Na, O. 

4 Spectral synthesis for C, N, Eu 



Table 12. Continued. 



Cluster 



[Fe/H] 



Resolution 



S/N 



N. Star 



Method References 



NGC2112 

NGC2141 

NGC2158 

NGC2194 
NGC 2204 
NGC 2232 

NGC 2243 

NGC 2264 
NGC 2324 
NGC 2355 
NGC 2360 

NGC 2420 

NGC 2423 
NGC 2425 
NGC 2447 



NGC 2477 
NGC 2506 

NGC 2516 
NGC 2539 
NGC 2660 

NGC 3114 

NGC 3532 
NGC 3680 



NGC 3960 
NGC 4349 
NGC 5460 
NGC 5822 



M93 



-0.09±0.10 16000-34000 80 2 giant 

+0.16±0.03 33000 80-100 3 giant 

-0.26 28000 >130 1 giant 

+0.00+0.16 28000 75 1 giant 

-0.03+0.14 28000 75 1 giant 

-0.28+0.05 21000 >70 15 giants 

-0.08+0.08 21000 >70 6 giants 

-0.23+004 20000 >60 13 giant 

+0.22+0.09£ 16000 70-300 5 dwarf 

+0.32+0.08~ 16000 70-300 5 dwarf 

-0.48+0.01 30000 -100 2 giant 

-0.42+0.05 20000 >60 10 giant 

-0.18+0.08 45000 45-75 4 dwarf 

-0.17+0.05 45000 >80 7 giant 

-0.08+0.08 21000 >70 5 giants 

+0.07+0.06 28000 50-200 4 giant 

+0.04+0.09 28000 >70 4 giant 

-0.03+0.01 50000 200-300 3 giant 

-0.57+0.08 20000 4 giant 

-0.20+0.06 21000 >70 9 giants 

+0.14+0.06 50000 200-300 3 giant 

-0.15+0.09 21000 >70 4 giants 

+0.03+0.03 28000 50-2000 3 giant 

-0.01+0.01 28000 >70 3 giant 

-0.10+0.03 50000 100-300 3 giant/3 dwarf 

+0.07+0.03 45000 >80 6 giant 

-0.20+0.02 40000 >35 4 giant 

-0.24+0.05 48000 >35 4 giant 

+0.01+0.07 47000 70 2 F dwarf 

+0.13+0.09 50000 200-300 3 giant 

+0.04+0.04 45000 >45 5 giant 

+0.05+0.13 48000 7 giant 

+0.02+0.09 50000 200-300 3 giant 

+0.10+0.17 18000 >100 5 giant/1 supergiant 

+0.04+0.05 48000 >170 6 giant 

-0.04+0.03 100000 -80 2 G dwarf 

+0.04+0.10 48000 200 1 giant 

-0.03+0.01 50000 200-300 3 giant/3 dwarf 

+0.02+0.04 45000 >95 6 giant 

-0.12+0.06 50000 200-300 3 giant 

+0.05+0.24 25000 >100 21ABF 

+0.07+0.02 18000 >100 1 giant 



EW 
EW 
EW 
EW 1 
EW 1 
EW 1 
EW 1 
EW 
EW 
EW 
EW 
EW 
EW 
EW 
EW 1 
EW 
EW 2 
EW 
Syn 
EW 1 
EW 
EW 1 
EW 
EW 2 
EW 
EW 
EW 
EW 
EW 
EW 
EW 
EW 
EW 
EW 
EW 2 
EW 
EW 2 
EW 
EW 
EW 
Syn 
EW 



Brown et al (1996) 
Carraro et al. (2008) 
Yong et al. (2005) 
Jacobson et al. (2009) 
Jacobson et al. (2009) 
Jacobson et al. (201 lb) 
Jacobson et al. (201 lb) 
Jacobson et al. (201 la) 
Monroe & Pilachowski 
Monroe & Pilachowski 
Gratton & Contarini (1994) 
Jacobson et al. (201 la) 
Kin g et al. (2000) 
Bragaglia et al. (2008) 
Jacobson et al. (201 lb) 
Hamdani et al. (2000) 
Smilianic e t al. (2009) 
Santos et al. (2009) 
Smith &Suntzeff( 1987) 
Jacobson et al. (2011b) 
Santos et al. (2009) 
Jacobson et al. (201 lb) 
Hamdani et al. (2000) 
Smilianic e t al. (2009) 
Santos et al . (2009) 
Bragaglia et al. (2008) 
Carretta et al. (2004) 
Miko laitis et al. (2011) 
Terndrup et al. (2002) 
Santos et al. (2009) 
Bra gaglia et al. (2008) 
Pereira & Ouireza (2010) 
Santos et al. (2009) 
Luck (1994) 
Smilianic et al. (2009) 
Pace et al. (2008) 
Smi lianic et al. (2009) 
Santos et al. (2009) 
Bragaglia et al. (2008) 
Santos et al. (2009) 
Fossati et al. (201 1) 
Luck (1994) 



n 



£ 



re 



n 





5' 
I 
a 



■a 



Depending on the adopted temperature scale. 



Table 12. Continued. 



Cluster 


[Fe/H] 


Resolution 


S/N 


N. Star 


Method 


References 




+0.04+0.08 


48000 


>130 


5 giant 


EW 2 


Smilianic et al. (2009) 




+0.05+0.04 


50000 


200-300 


3 giant/3 dwarf 


EW 


Santos et al. (2009) 




+0.05+0.09 


100000 


50-100 


2 dwarf 


EW 


Pace et al. (2010 s ) 




+0.15+0.11 


100000 


50-100 


3 giant 


EW 


Pace et al. (2010) 


NGC 6067 


+0.02+0.12 


18000 


>100 


1 supergiant 


EW 


Luck (1994) 


NGC 6087 


+0.06+0.20 


18000 


>100 


2 supergiant/1 giant 


EW 


Luck (1994) 


NGC 6134 


+0.15+0.07 


40000 


>60 


6 gint 


EW 


Carretta et al. (2004) 




+0.12+0.09 


48000 


>150 


3 giant 


EW 2 


Smilianic et al. (2009) 




+0.15+0.05 


45000 


>60 


6 giant 


EW 1 


Mikolaitis et al. (2010) 


NGC 6192 


+0.12+0.04 


47000 


>140 


4 giant 


EW 


Magrini et al. (2010) 


NGC 6253 


+0.46+0.03 


48000 


85-180 


5 giant 


Syn 


Carretta et al. (2007) 




+0.36+0.07 


47000 


65-140 


2 giant/1 subgiant/1 dwarf 


EW 


Sestito et al. (2007) 


NGC 6281 


+0.05+0.06 


48000 


>230 


2 giant 


EW 2 


Smilianic et al. (2009) 


NGC 6404 


+0.11+0.04 


47000 


>110 


4 giant 


EW 


Magrini et al. (2010) 


NGC 6475 M7 +0.14+0.06 


48000 


50-150 


13 F-K dwarf 


EW 


Sestito et al. (2003) 




+0.03+0.02 


18000 


>200 


2 B 3 F-K dwarf/2 G-K giant 


EW 


Villanova et al. (2009) 


NGC 6583 


+0.37+0.03 


47000 


>80 


2 giant 


EW 


Magrini et al. (2010) 


NGC 6633 


+0.07+0.05 


48000 


>160 


2 giant 


EW 2 


Smilianic et al. (2009) 




+0.06+0.01 


50000 


200-300 


3 giant 


EW 


Santos et al. (2009) 


NGC 6791 


+0.37+0.03 


20000 


30 


1 hot HB 


EW/Syn 


Peterson & Green (1998) 




+0.35+0.02 


25000 


>40 


6 giant 


Syn 


Origlia et al. (2006) 




+0.38+0.02 


20000 


30-60 


10 giant 


Syn 


Carraro et al. (2006) 




+0.47+0.07 


29000 


40-85 


4 giant 


Syn 


Carretta et al. (2007) 




+0.30+0.08 


45000 


-40 


2 dwarf 


EW 


Boesgaard et al. (2009) 


NGC 6819 


+0.09+0.03 


40000 


130 


3 giant 


EW 


Bragaglia et al. (2001) 


NGC 6882/5 


-0.03+0.01 


18000 


>100 


1 supergiant/1 dwarf 


EW 


Luck (1994) 


NGC 6939 


+0.00+0.10 


15000 


70-150 


9 giant 


EW 3 


Jacobson et al. (2007) 


NGC 7142 


+0.08+0.06 


15000 


70-150 


6 giant 


EW 3 


Jacobson et al. (2007) 




+0.16+0.01 


30000 


100-130 


4 giant 


EW 1 


Jacobson et al. (2008) 


NGC 7160 


+0.16+0.03 


16000 


70-300 


16 F-G dwarf 


EW 


Monroe & Pilachowski (2010) 


NGC 7789 


-0.04+0.05 


30000 


>50 


9 giant 


EW/Syn 


Tautvaisiene et al. (2005) 




+0.02+0.04 


21000 


>70 


28 giants 


EW 1 


Jacobson et al. (201 lb) 


Pleiades M 45 


45000 


150 


12 F dwarf 


EW 


Boesgaard & Friel (1990) 




-0.03+0.10 


18000-44000 


30-100 


2 dwarf 


EW 


Randich et al. (2001) 




+0.06+0.02 


42000-75000 


100-300 


16 A giant/5 F dwarf 


Syn 


Gebran & Monier (2008) 




+0.07+0.03 


45000 


70 


2 dwarf 


EW 


King et al. (2000) 




+0.07+0.05 


40000 




20 F-G-K dwarf 


Syn 


Soderblom et al. (2009) 


Praesepe M 44 +0.04+0.04 


28000 


60-190 


6 F dwarf 


EW 


Friel & Boesgaard (1992) 


Mel 88 +0.27+0.04 


100000 


-130 


7 G dwarf 


EW 


Pace et al. (2008) 


Rup4 


-0.09+0.04 


40000 


25-^0 


3 giant 


EW 


Carraro et al. (2007b) 


Rup7 


-0.26+0.05 


40000 


25-40 


5 giant 


EW 


Carraro et al. (2007b) 


Saurer 1 


-0.38+0.01 


34000 


-80 


2 G giant 


EW 


Carraro et al. (2004) 


To 2 


-0.50+0.10 


34000 


50-60 


3 giant 


EW 


Brown et al. (1996) 




-0.28+0.01 


21000-40000 


15-70 


18 giant 


EW 


Frinchabov et al. (2008) 



n 



£ 



re 



n 





5' 



a 



■a 



Table 12. Continued. 



Cluster 


[Fe/H] 


Resolution 


S/N 


N. Star 


Method 


References 


Tr20 


-0.31 ±0.02 
-0.11+0.13 


17000 
50000 


60-80 
65 


13 giant 
1 giant 


EW 
EW 


Villanova et al. (2010) 
Platais et al. (2008) 



n 



£ 



re 



n 





5' 
I 
a 



■a 



